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ABSTRACT 
The rapid deterioration of the global environment forces people to increasingly take into 
consideration. Nowadays, concrete is the most extensively-used construction material in the 
world. Cement, the dominant material for manufacturing concrete, has been largely used in 
the past few decades. It has also been generally considered as an environmentally hazardous 
material, mainly due to CO2 emissions during the production process. Thus, many industrial 
by-products have been used to partially substitute cement in order to generate more economic 
and durable concrete. Among these by-products, fly ash generated during combustion of coal 
has been successfully used in concrete for many years. Unlike traditional fly ash, a new type 
of ash may also be used. It is obtained by combustion of de-inking sludge, bark and residues 
of woods in a fluidized-bed system from Brompton Mill located near Sherbrooke, Canada. 
However, the properties and the applications of this new by-product are not well known. 
An investigation was carried out to characterize this new material and examine its 
performance as an alternative material in the production of concrete. Firstly, the chemical, 
physical, mineralogical, and morphological characteristics of WSA were analyzed and were 
compared with traditional ash. In addition, the rheological properties of pastes and mortars 
mixed with WSA were evaluated by tests such as the calorimeter, mini-slump, marsh cone, 
and compressive strength of mortar cubes. In addition, the optimum ratio of cement replaced 
by WSA was examined by the compressive strength of concrete at the age of 1, 7, 28 and 91 
days. Herein, two different water-to-binder ratios are considered: 0.4 and 0.55. Finally, the 
comprehensive properties of WSA concrete applying to the optimum ratio was carried out in 
different aspects such as fresh, mechanical properties, volume-change, and durability. 
The results show that it is possible to use WSA as a new cementitious material in concrete. 
According to the experimental results, a high-range water-reducing agent was required, even 
at a higher water-to-binder ratio (WSA showed a high degree of water demand). It was found 
that the strength of WSA concrete was enhanced even at early stages of development. The 
study also revealed that WSA concrete had low permeability, and resisted freezing and 
thawing compared to the control mixture. In addition, the high CaO content in WSA 
substantially increased the expansion of concrete, early in the process. This greatly 
compensated the autogenous shrinkage that was developed in concrete with a low 
water-to-binder ratio. However, WSA is not recommended for use in environments containing 
a high quantity of sulphate, because its higher lime phase may cause the damage to 
constructions. 
Keywords: Wastepaper sludge ash; Supplementary cementitious material; Characterization; 
Pozzolanicity; Concrete. 
RESUME 
La deterioration rapide de renvironnement oblige les gens a prendre d'avantage en 
consideration les questions environnementales. Actuellement, le beton est le materiau de 
construction le plus utilise dans le monde. Le ciment, l'ingredient cle du beton, etait 
largement consomme dans les dernieres decennies et est considere comme matiere nefaste 
pour l'environnement, principalement a cause de remission de CO2 resultant de son processus 
de fabrication. Ainsi, de plus en plus de sous-produits industriels sont utilises en substitution 
du ciment, afin de produire un beton plus economique et durable. Un de ces sous-produits est 
la cendre volante, provenant generalement de la combustion du charbon. Contrairement a 
cette cendre traditionnelle, un nouveau type de cendre est maintenant produit par la 
combustion de boues de desencrage, d'ecorces et de residus de bois dans un systeme a lit 
fluidise a Usine de Brompton, pres de Sherbrooke, Canada. Cependant, les proprietes et les 
applications de ce nouveau sous-produit ne sont pas encore bien connues. 
La presente recherche a ete menee dans le but de faire une caracterisation de cette cendre 
non-standardisee. L'etude a porte egalement sur la performance de ces cendres en tant que 
materiau alternatif de substitution dans le beton. Tout d'abord, les caracteristiques chimiques, 
physiques, mineralogiques et morphologiques des cendres ont ete analysees et comparees aux 
cendres traditionnelles. Ensuite, les proprietes des pates cimentaires et mortiers melanges 
avec cette cendre ont ete evaluees, notamment par les essais de calorimetre, du mini-slump, 
du cone Marsh et de la resistance a la compression sur mortiers. Parallelement, le taux de 
remplacement optimal du ciment par cette cendre dans le beton a ete determine par 
1'evolution de la resistance a la compression a 1, 7, 28 et 91 jours. Pour cela, deux differents 
rapports eau/liant ont ete consideres: 0,40 et 0,55. Enfin, le melange de beton avec le taux de 
remplacement optimal du ciment a fait l'objet d'une caracterisation poussee pour determiner 
les proprietes a l'etat frais, les proprietes mecaniques, les changements volumetriques ainsi 
que la durabilite. 
Les resultats montrent qu'il est possible d'utiliser cette nouvelle cendre comme materiau 
cimentaires dans le beton. Selon les resultats experimentaux, une quantite supplemental de 
superplastifiant etait necessaire, meme avec des rapports eau/liant plus eleves, puisque la 
cendre presente une forte demande en eau. II a ete constate que le developpement de la 
resistance a la compression du beton avec cendres volantes a ete ameliore, meme a jeune age. 
L'etude revele egalement que les betons avec cendres volantes ont une permeabilite inferieure 
a celle du temoin et resistent aux cycles de gel/degel que le temoin. En outre, la forte 
presence de la phase CaO dans ces cendres cause une auto-expansion a jeune age. Par 
consequent, le retrait endogene du beton avec cendres volantes est extremement reduit, 
particulierement lorsqu'un dosage eleve en cendres est utilise. Cependant, l'utilisation de ces 
cendres n'est pas recommandee dans un environnement riche en sulfates, puisque la forte 
teneur en CaO pourrait causer des dommages aux constructions. 
Mots-cles: Cendres des boues de desencrage; Ajouts cimentaires; Caracterisation; 
Pouzzolanicite; Betons. 
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Chapter 1 - Introduction 
1 INTRODUCTION 
1.1 Background and Research Significance 
In the 21st century, there are two significant challenges facing the quest for sustainable 
industrial development - reducing greenhouse gas (GHG) emissions and decreasing or 
recycling of waste materials (Banfill and Frias, 2007). According to the implementation of the 
Kyoto Protocol in February 2005, 35 countries were obliged to reduce their emissions 
between 2008 and 2010 in order to achieve the fixed quantitative objectives for the reduction 
or limitation of the six gases that were related to the green house effect (carbon dioxide, 
methane, nitrous, oxide, etc.) (Frias et al., 2008). Over the commitment period of 2008-2012, 
Canada must accomplish the reduction of overall greenhouse gases emissions by 6% below 
1990's level (Environment Canada, 2007). 
However, in recent decades, vast quantities of cement have been required to develop and 
maintain the world's infrastructure. The production of cement has resulted in a major increase 
of CO2 emissions which in turn has significantly contributed to global warming. 
Consequently, this has provided further incentive to use alternative materials as much as 
possible in the construction industry. These incorporated materials were generally based on 
industrial by-products or waste materials which would otherwise have to be dumped in 
landfills. Such additives are also known as supplementary cementitious materials (SCMs) 
which usually include different types, such as natural pozzolan, fly ash, silica fume, blast 
furnace slag, metakaolin, and calcareous filler. The incorporation of SCMs in concrete is a 
possible approach, resulting in the reduction of both cement content and CO2 emissions per 
unit amount of concrete. Some SCMs contain a certain property called pozzolanicity which 
offers beneficial effects in enhancing the properties of concrete. 
On the other hand, in order to reduce the environmental impact of paper manufacturing, 
quantities of wastepaper are being recycled and this tendency is increasing (Kinuthia et al., 
2001). When paper is recycled, the part that is not recovered includes the inorganic coatings 
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and fillers (calcite and kaolin) plus residual cellulose fibres (Bai et al., 2003). The recycled 
wastepaper has to be de-inked before its fibre can be reused. This process produces waste 
material, known as de-inking sludge (consisting of kaolin components), waste 
water-treatment sludge, fillers, degraded fibres, and a large amount of water (45 to 70%). The 
amount and composition of the wastepaper sludge vary significantly with the type, grade, and 
quality of the paper being recycled and the de-inking process employed (Latva-Somppi et al., 
1994). Historically, refuse disposal has been carried out according to one of three basic 
methods: composting, sanitary landfill, or incineration (Nemerow, 1983). Traditionally, the 
paper-produced sludge was either dumped in landfills, or used as a soil conditioner (land 
application). However, landfills are becoming increasingly undesirable and prohibitively 
expensive. Therefore, it is important to find alternate methods of disposal. Apparently, 
incineration is one possible alternative providing a means of sludge stabilization and resulting 
in a reduced volume of sterile, odourless, and practically inert residue (Tay and Show, 1997). 
Furthermore, according to some researchers (Kinuthia et al., 2001), the dry sludge comprises 
approximately an equal amount of organic and inorganic components. The latent energy of 
the organic component, mainly residual cellulose fibres, can be recovered by burning the 
sludge at any temperature that exceeds 850 °C, thereby, reducing the volume of waste to be 
land-filled to about 40 or 50% of the original dry solids and allowing the recovery of energy 
(heat) to produce electricity. Nevertheless, the incineration still leaves large quantities of 
residues such as bottom ash, fly ash, filter dusts etc. Among all the residues, ash is the 
remains of ignition loss, and is generally composed of kaolinite and calcium carbonate 
(Ishimoto et al., 2000). The disposal of ash is a complicated problem that may affect the 
quality of air, land, and water environments. Consequently, the large-scale disposal of this 
industrial residue is a concern of many municipalities. 
Currently, a de-inking plant (Brompton Mill) which belongs to Kruger Inc. is located in the 
municipality of Brompton, near Sherbrooke in the Eastern Townships of Quebec (Figure 1.1). 
This mill is an integrated pulp and paper mill, including a de-inking facility, hydraulic power 
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plant and biomass cogeneration operation. 
1 
Figure 1.1- Brompton Mill - located in Brompton, near Sherbrooke in the Eastern 
Townships of Quebec (taken by Daniel Hebert) 
This paper mill has tried to dispose of bark, residues of wood, and sorting wastes (de-inking 
and waste water-treatment sludge) which have been generated from newspapers during the 
recycling process. Afterwards, all the ingredients are disposed by thermal means in a 
fluidized-bed combustion (FBC) boiler at about 850 °C. In addition, the FBC process is 
suitable for low-grade fuels, such as wet sludge. Consequently, a steam turbine is driven 
downstream from the boiler to generate electricity and supplies the steam required for mill 
operations. In fact, the turbine may supply 100 MW of the electricity by the energy of steam 
generated during burning of the biomass. Meanwhile, the burning of wastepaper sludge and 
other residues cause about 150 tons of wastepaper sludge ash (WSA) per day, .which is 
equivalent to 54,750 tons per year. The benefits of this cogeneration project are not only from 
an environmental standpoint but are also in economical values. Since the carbon dioxide 
emissions from the burning of biomass are not counted in the GHG inventory (Gavrilescu, 
2008), this biomass cogeneration plant leads to an annual reduction of GHG in the order of 
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83,000 tons, which is comparable to taking 18,000 vehicles off the road (Kruger Inc., 2003). 
Additionally, the sintering of wastepaper sludge, bark, and residues (about 600 dry tons per 
day) greatly reduces the amount in future land-filling. Meanwhile, the risk of leachate 
contamination due to land-filling will decrease and the recovering of the biomass will save 
fossil fuel consumption (about 30 million litres annually). Lastly, this project foresees a 
long-term benefit of improving the local air quality as well. 
The land-filling of ash residues has numerous disadvantages as mentioned above. Hence, 
attempts to reuse the ash are much more popular. Other than research focused on 
conventional fly ash produced from thermal power plants by burning coal, recent studies are 
exploring the use of various ashes derived from other resources as construction materials, 
such as: rice husk ash blended with cement (Ganesan et al., 2008), municipal solid waste ash 
(Aubert et al., 2004), and sewage sludge ash (Wang et al., 2005). Furthermore, another group 
of studies are investigating the possibility of recycling paper sludge - activating the calcined 
paper sludge by transforming kaolinite into metakaolinite (Ambroise, 2000; Garcia et al., 
2008; Pera and Amrouz, 1998; Vegas et al., 2009). Moreover, the authors (Kinuthia et al., 
2001) analyzed the hydration products of wastepaper sludge ash (WSA) - ground granulated 
blast furnace slag (GGBS) blending mixtures in a preliminary study and suggested that the 
WSA may contain quite a high content of amorphous silica and alumina phases. However, 
little has been reported on the use of WSA. The reason might be attributed to its limited yield. 
For example, the Brompton Mill generates 54,750 tons of ash annually. This quantity is much 
lower than that of other common residues such as coal fly ash: 70 Mt and 44 Mt were 
produced in the USA and the EU (European Union) in 2003, respectively (Cyr et al., 2007). 
Another reason for the lack of publications may be related to the fact that managing 
wastepaper sludge by incinerating processes in a fluidized-bed reactor is a very recent 
development. 
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1.2 Objectives of the Thesis 
The literature analysis shows that the effect of various ashes such as raw materials in the 
construction industry is more or less noticeable, depending on the characteristics of the 
specific ash used in each study. The objects of this thesis are to provide the relevant chemical 
and physical characterization of this new ash, to assess the potential utilization of this ash in 
advanced construction material, and to provide insight for future paper mill planners when 
they consider ash-management alternatives. 
The specific objectives of this thesis are as follows: 
• To supply additional knowledge of WSA including chemical, physical, mineralogical and 
morphological characterization; 
• To assess the rheology and hydration properties of WSA blended with Portland cement as 
well as the activity of WSA powders; 
• To investigate the influence of WSA on properties of concrete, including fresh, hardened 
and durability characteristics; 
• To evaluate the behaviours of WSA in both binary and ternary systems with other SCMs. 
1.3 Organization of the Thesis 
As shown in Figure 1.2, the thesis is divided into 7 chapters. Chapter 1 presents the 
background and the significance of this study. Chapter 2 contains literature review including 
the history of fly ash, a brief introduction about SCMs used in this study, state-of-the-art 
WSA application, and the utilization and performance of WSA or traditional fly ash as 
construction materials. Chapter 3 describes the experimental program (methodology) and 
materials used in this project. Chapter 4 reviews the correlative standards and test methods. 
The discussion, analysis and comparison of laboratory results are presented in chapter 5. 
Chapter 6 introduces the field application of WSA. Lastly, chapter 7 attempts to draw a 
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conclusion about the possibility of using WSA in advanced construction material. This 
chapter also provides an outlook for the future management of WSA. 
Experimental 
program 
Standards and 
test methods 
Analysis, discussion and 
comparison of the 
laboratory results 
i 
Chpt.6 
Validation and properties of 
in-situ WSA concrete 
Conclusions and 
recommendations 
Figure 1. 2- Structure of the thesis 
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2 LITERATURE REVIEW 
2.1 History of the Utilization of Pozzolan and Fly Ash 
From 1824, when Joseph Aspdin (Bowles, 1918) patented Portland cement, until the latter 
part of the 20th century, the principal binder in concrete has been Portland cement. As a result 
of the requirements of increasingly sophisticated structures over this period, as well as rapid 
and efficient commercial development, emphasis has been made on increasing the strength 
and the performance of concrete, especially for durable essentials. There have been many 
recent changes in the variation of composition and material characteristics of Portland cement 
(Bai et al., 2002). 
On the other hand, the utilisation of "Pozzolana" as a popular substitution material in 
concrete arose (Newman and Choo, 2003b) at the end of the 20£ century. Natural pozzolans 
are found in many parts of the world and have been used in concrete for over 2,300 years. 
According to Lea (Hewlett, 2004), lime-pozzolan composites were used as a cementing 
material for construction of structures throughout the Roman Empire. In fact, it was in Italy 
that the term, "pozzolan" was first used to describe the volcanic ash mined at Pozzuoli, a 
village near Naples. Firstly, ash was produced by the volcanic eruption. Since then, the term 
"Pozzolan" has been extended to the whole class of mineral matters which has similar 
properties. Generally, a pozzolana is a natural or artificial material containing silica in a 
reactive form. Examples of pozzolanic materials are volcanic ash, fly ash, silica fume, 
metakaolin, etc. 
The volcanic ashes usually are seen as natural pozzolan. However, volcanic ash acts just like 
fly ash, as has been mentioned. The only difference is: fly ash today is generated by the 
burning of coal. The first reference to the idea of using coal fly ash within modern concrete 
was reported in 1934 by McMillan and Powers in the United States. Research also indicates 
that fly ash had a role in concrete in 1935 (Newman and Choo, 2003b). Later, Sear pointed 
out that fly ash was a possible artificial pozzolan (Sear, 2004). Trial applications and 
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continuing research promoted the idea that the introduction of a proportion of fly ash as a 
replacement of Portland cement would limit shrinkage cracking in mass concrete by reducing 
internal hydration temperatures. The major breakthrough in using fly ash in concrete was the 
construction of Hungry Horse Dam in 1948, utilizing 120,000 metric tons of fly ash. The 
structures are still in excellent condition, after more than 50 years (Newman and Choo, 2003). 
This decision concluded by the U.S. Bureau of Reclamation paved the way for using fly ash 
in concrete constructions. During the same period, the increased development of coal plants 
in the UK, particularly after World War II, resulted in generating numerous quantities of fly 
ash. Thus, it promoted the application of fly ash. For example, fly ash was used in mass 
concrete for building the Lednock, Clatworthy and Lubreoch Dams (Newman and Choo, 
2003). Among these constructions, the Lednock dam used 62,500 m of concrete containing 
fly ash instead of 3,000 tons of Portland cement. The subsequent durability of the structures 
has been found excellent. Since then, fly ash as one of the primary mineral admixtures has 
been extensively used in concrete. 
2.2 Supplementary Cementitious Materials (SCMs) 
2.2.1 General introduction of SCMs 
Typically, concrete was made using only three ingredients: cement, aggregate, and water. 
Recently, in order to satisfy the requirements of producing durable concrete, as well as the 
increasingly strict environmental demands, some other inorganic materials were introduced 
into the concrete mix. These materials, called supplementary cementitious materials or 
mineral admixtures, provided various desirable properties in concrete, not only in fresh 
concrete, but also in concrete of a hardened state. These materials can be divided into several 
categories and contain cementitious and/or pozzolana properties. Several typical SCMs are 
shown in Figure 2.1: 
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Figure 2. 1 - Supplementary cementitious materials: From left to right, fly ash (Class C), 
metakaolin (calcined clay), silica fume, fly ash (Class F), slag, and calcined shale 
(Kosmatkaetal., 2002) 
As mentioned before, the word "pozzolan" is used to define natural or industrial by-products 
that contain a certain percentage of vitreous silica. This vitreous (amorphous) silica reacts at 
ambient temperature with the lime produced by the hydration of C3S and C2S to form C-S-H 
similar to that produced by the direct hydration of C3S and C2S. 
A study carried out by Lea F.M. in 1938 (Pera, 1987) has defined pozzolanic materials as well. 
Although containing silicium, pozzolana materials have no cementing properties by 
themselves. But certain compositions contained inside of the pozzolana, at ambient 
temperature, are able to react with lime in presence of water to form products which are less 
soluble and possess the likely cementing properties. 
In addition, a more formal definition of ASTM 618-94a (2003a) describes pozzolana as a 
siliceous or siliceous and aluminous material which in itself possesses little or no cemetitious 
value but will, in finely divided form and in the presence of moisture, chemically react with 
calcium hydroxide (i.e. portlandite) at ordinary temperatures to form compounds possessing 
cementitious properties. Pozzolana must be finely divided in order to expose a large surface 
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area to the alkali solutions for the reaction to proceed. When a pozzolanic reaction starts, the 
lime produced during C3S and C2S hydration is transformed into calcium silicate hydrate. The 
production of lime can be considered as the weakest link during the hydration of Portland 
cement in terms of mechanical properties and durability (lime can be easily leached out). 
Therefore, pozzolanic reaction improves the essential quality of the paste matrix and results 
in improving the quality of concrete. 
Specifically, the cement hydration reactions contain the hydration of calcium silicates, 
tricalcium aluminates and ferrite phase. The hydration of calcium silicates (for example C3S) 
produces C-S-H gel and CH, as follows (Wang et al., 2008a): 
2C3S+II H20 -»• C3S2H8 +3CH (1) 
The Ca/Si ratio in C-S-H gel varies in a wide range, but normal values lie between 0.8 and 
2.1, with an average of 1.5 (Taylor, 1997). The other cementitious reaction product, CH, 
forms a layered (often referred to as laminar) cement paste (Taylor, 1997). Pozzolanic 
reactions refer to chemical reactions between active SiCh and the CH, as follows: 
CH+ S1O2+ H20 - • C-S-H (2) 
Once again, Ai'tcin presents the pozzolanic reaction schematically in the following manner 
(A'itcin, 1998): 
C2S/C3S + H20 - • calcium silicate hydrate (C-S-H) + lime 
Pozzolan + lime + water —* calcium silicate hydrate 
At ambient temperature the development of a pozzolanic reaction is much slower than the 
rate of Portland cement hydration. But with water curing, concrete that contains a pozzolana 
has a strength that increases and a permeability that decreases with time. 
Pozzolana is still not completely understood; specific surface and chemical composition are 
known as the key factors but because they are interrelated, the problem is complex. Figure 
2,2 shows the chemical and phase composition of principal SCMs: 
10 
Chapter 2 - Literature Review 
Figure 2 . 2 - Ternary diagram of SCMs (Ai'tcin, 2007) 
2.2.2 Blast furnace slag 
This material is a waste product generated during the manufacture of pig iron. About 300 kg 
of slag is produced for each ton of pig iron (Neville, 1996). The molten slag, at a temperature 
of about 1500 °C, is rapidly chilled by quenching in water to form a glassy sand-like 
granulated material. The granulated material, which is ground to less than 45 urn, has a 
Blaine surface area fineness of about 400 to 600 m2/kg. The relative specific gravity for 
ground granulated blast furnace slag (abbreviated as GGBS) is in the range of 2.85 to 2.95 
(Kosmatka et al., 2002). The slag solidifies in a vitreous form and can then develop 
cementitious properties if it is properly ground and activated (A'itcin, 1998). 
Slag is a widely available SCM in most parts of North America. Apart from the benefits with 
respect to SCMs, slag concrete is durable under freezing and thawing conditions. Also, it is 
resistant to de-icer salt scaling (up to a level of 50% replacement), and it exhibits 
approximately equivalent shrinkage to that of ordinary Portland cement concrete (Lamond 
and Pielert, 2006). 
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Here it should be noted that slag is neither a hydraulic binder, nor a pozzolanic material 
(A'itcin, 2007). When slag is mixed with water, it does not harden or combine directly with 
the lime removed from the C3S and C2S to form secondary C-S-H. Slag can be activated by 
lime and also by calcium sulphate, alkali, which act as catalysts in the attack of the glass. 
This kind of chemical attack is called alkaline activation (Ai'tcih, 2007). When slag is mixed 
with Portland cement, the latter acts as a good catalyst for slag activation because it contains 
the three main chemical components (lime, calcium sulphate and alkalis) that activate slag. 
2.2.3 Silica fume 
Silica fume is a by-product from manufacturing silicon and ferrosilicon alloys, by high-purity 
quartz and coal in a submerged-arc electric furnace (Neville, 1996). During the process SiO 
vapours are formed within the arc, and when these vapours escape from the top of the furnace 
and enter into contact with air, they form tiny vitreous (S1O2) particles, which are a hundred 
times finer than Portland cement particles. Afterwards, these very fine particles are collected 
in dedusting systems (A'itcin, 2007). Silica fume was originally introduced as a pozzolana. 
However, its action in concrete is not only as a very reactive pozzolana but also has other 
advantageous properties. But the cost of this product is a little bit higher. 
The specific gravity of silica fume is generally 2.2, which is the usual specific gravity of 
vitreous silica. The particles of silica fume are extremely fine, most of them having a 
diameter ranging between 0.03 and 0.3 urn; the median diameter is typically below 0.1 urn. 
The specific surface of such fine particles can not be determined using the Blaine method. 
The nitrogen adsorption method indicates a specific surface of about 20,000m2/kg, which is 
13 to 20 times higher than the specific surface of other pozzolanic materials which is 
determined by the same method (Neville, 1996). 
Silica fume, as a very reactive fine pozzolana. When it is added to concrete, it decreases the 
bleeding and modifies the microstructure of the hydrated paste matrix. Furthermore, when 
silica fume is used, the transition zone around the coarse aggregates is much more compact 
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than that of pure Portland cement. Generally, it is used 5% and 10% by mass of the total 
cementing material in applications where a high degree of impermeability is needed 
(Kosmatka et al., 2002). 
2.2.4 Metakaolin 
Metakaolin, as a special calcined clay, is produced by low-temperature calcination of high 
purity kaolin clay to a range of 700-800°C. After grinding to a certain fineness (about 1 to 2 
urn), it is used to replace up to 10% of the Portland cement (Kosmatka et al., 2002). 
Metakaolin improves concrete performance by reacting with calcium hydroxide to form 
secondary C-S-H. Because of its white colour, high-reactivity metakaolin does not darken 
concrete as silica fume typically does, which is suitable for colour-matching and other 
architectural applications. Research shows that mixtures containing highly-reactive 
metakaolin perform similarly to silica fume mixtures in terms of strength, permeability, 
chemical resistance, and drying shrinkage resistance (Ding and Li, 2002). 
2.2.5 Fly ash 
There are many types of ashes, which may be classified based on their various origins: 
• Coal produced fly ash (a.k.a. standard fly ash); 
• Volcanic ash (a.k.a. natural ash): formed during volcanic eruptions; 
• Rice husk ash (wheat straw ash): from incineration of rice husk or wheat straw; 
• Petroleum coke ash: generally from co-combustion of coal and petroleum coke; 
following CSA A3000 (1998), up to 30% of petroleum coke is allowed to be blended 
with pulverized coal; 
• Municipal solid waste ash; 
• Sewage sludge ash and wastewater sludge ash: mainly generated from the incineration of 
sludge created form treatment of sewage or wastewater; 
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• Hospital waste ash; 
• Wood ash: combustion of wood and wood products (chips, sawdust, bark, etc.); 
• Other ashes. 
As mentioned, traditional fly ash is generated from combustion of bituminous coal (Class F 
fly ash) or subbituminous and lignite coal (Class C fly ash) (Malhotra and Ramezanianpour, 
1994). Among all the aforementioned original resources, standard fly ash is produced in high 
amounts from the combustion of coal in power plants. During combustion, minerals in coal 
become fluid at high temperature and are then cooled. In a pulverized coal (PC) fired boiler, 
the furnace operating temperatures are typically in excess of 1400 °C (Kutchko and Kim, 
2006). At these temperatures, the mineral matter within the coal may oxidize, decompose, 
fuse, disintegrate or agglomerate. Rapid cooling in the post-combustion zone results in the 
formation of spherical, amorphous (non-crystalline) particles namely fly ash (Figure 2.3) 
(Kutchko and Kim, 2006). 
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Figure 2. 3 - Figure General transformation of mineral matter in coal during combustion 
(Kutchko and Kim, 2006) 
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A schematic of generation of fly ash can be written as follows (A'itcin, 1998): 
Coal or lignite + Air + impurities -» CO2 + heat + fly ash 
The burning of coal or lignite is not always 100% completed. Therefore, fly ash usually 
contains a certain percentage of unburned carbon, usually lower than 6 percent of its mass 
(A'itcin, 2007). It should be noted that fly ash may affect the colour of the resulting concrete. 
The carbon in the ash makes it darker. 
The blended fly ash acting either as a fine aggregate or as a cementitious composite in 
concrete affects all aspects: not only in fresh properties but also.in hardened performances. It 
influences the rheological properties of the fresh concrete and the strength, finish, porosity, 
and durability of the hardened matrix. 
2.3 Wastepaper Sludge Ash 
2.3.1 The most up-to-date ash researches 
In many research institutes in the world, experiments concerning ways of utilization of 
different types of ashes have been carried out for many years. Fly ash is currently widely used 
applied among other SCMs in cement and cement composite systems. However, the analysis 
of the latest scientific literature shows that investigations concerning their effective utilization 
other than landfill are topical issues. Other than wastepaper sludge ash (WSA), published 
researchers of the applications of fly ash in construction are separated into several branches 
(Pacewska et al., 2006): 
• The hydration of cement-based composition in the presence of different ashes and in 
changeable conditions (different binder types, water/cement ratio, etc.) (Giergiczny, 2006; 
Pacewska et al., 2006; Rahhal and Talero, 2004; Rajczyk et al., 2004; Roszczynialski and 
Nocun-Wczelik, 2004); 
• The effect of ash on properties of paste, mortar or concrete mixtures (Atis et al., 2004; 
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Naik and Singh, 1997; Riding et al., 2008; Sengul et al., 2005; Toutanji et al., 2004); 
• Fly ash activation (Antiohos et al., 2006; Antiohos and Tsimas, 2004, 2005; Giergiczny, 
2004); 
• Utilization possibilities, including influence on physical-chemical processes and 
properties of materials, of ashes of different origins, such as: 
> fluidized bed fly ash (Anthony, 1995; Ghafoori, 1998); 
> fly ash of municipal solid waste incineration (Aubert et al., 2004; Bertolini et al., 
.2004); 
> ash from rice husk combustion (Chindaprasirt et al., 2007; Nehdi et al., 2003); 
> ash from sewage sludge or wastewater treatment (Cyr et al., 2007; Monz et al., 2003; 
Pan and Tseng, 2001; Tay and Show, 1997); 
> ash from combustion of petroleum coke blended with coal (Scott and Thomas, 
2007); 
> ash from hospital waste incineration (Genazzini et al., 2003); 
> wood ash utilization (Naik et al., 2003; Sand and Slag, 2002), etc. 
• Application of ashes as components of binders used for the utilization/solidification of 
different waste (Asavapisit and Chotklang, 2004; Kinuthia and Gailius, 2005). 
2.3.2 The principle residues generated from pulp and paper industry 
Although pulp and paper wastes are classified as general commercial waste, it has 
tremendous environmental problems since environmental regulations became increasingly 
stringent while at the same time landfill space grew scarcer. On the other hand, the biomass 
contained in various by-products of paper industries can be extracted through combustion to 
produce energy that can be further used as heat or power. These sustainable managed biomass 
resources are considered green because they are renewable and do not contribute to global 
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warming. 
There are three main types of waste generated in pulp and papermaking and there is a great 
difference in their physical and chemical properties (Sivasundaram, 2000). For instance: 
• Wood (or "bark"). Bark is abundantly produced in the pulp and paper industry. Bark does 
not contain any pollutants. It also has a low mineral content and a high calorific value. 
Therefore it is an ideal energy source. 
• Rejects. Rejects are comprised of residues from various sources during the pulp 
production processes, e.g. virgin pulp production, waste paper treatment or paper stock 
production. 
• Sludge. There are two main forms of sludge produced in pulp and paper making, namely: 
> Wastewater treatment sludge. This sludge depends on the technology of wastewater 
treatment used at the pulp and paper mill. Generally, it is derives from 
mechanical/chemical or biological effluent treatment (Gavrilescu, 2008); 
> De-inking sludge. As mentioned in Chapter 1, ink must be removed from used paper 
before it can be efficiently recycled. This process is called the "de-inking operation". 
It involves the mechanical re-pulping of the wastepaper and the use of 
detergent/surfactants to remove ink as well as pigments. Effluence from this 
operation may refer to non-recoverable paper fibres, clay fillers, coating and other 
solids. Normally, water is removed from the sludge to produce a material which is 
30% drier. De-inked paper sludge varies in composition between different mills but 
is normally high in cellulose and low in potentially toxic compounds (Sivasundaram, 
2000). 
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2.3.3 The treatment of paper sludge 
The Canadian pulp and paper industries produced an estimated 1.6 million tons per year of 
sludge (Hackett et al., 1999) involving the two types mentioned above. Therefore, different 
strategies were used to dispose of such huge residues. Typical disposal routes have included 
agricultural application, land disposal, incineration, and disposal at sea. Table 2.1 shows 
paper mill sludge management trends for the period of 1979 to 1995 (Glenn, 1997). 
Table 2. 1 - The tendency of paper mill sludge management during the years 1979 ~ 1995 
(Glenn, 1997) 
Method 
Landfill/lagoon 
Incineration 
Land application 
Beneficial use 
Recycle/reuse 
1979 (%) 
86 
11 
2 
<1 
<1 
1988 (%) 
74 
18 
6 
1 
1 
1995 (%)• 
50 
25 
12 
7 
6 
Incineration is one feasible way to convert bulky sludge to practically odourless and sterile 
ash. The volume of this sludge is greatly reduced, and then the sludge ash can be handled 
easily. Moreover, there was considerable interest in the application of fluidized bed 
combustion (FBC) technology for burning de-inking and other wood/paper pulp-derived 
sludge, both in incineration and in energy-from-waste projects (Anthony, 1995). The FBC 
units can not only efficiently burn low-grade fuels, but can also handle wide variations in fuel 
quality while still achieving strict air emission requirements (Botha, 2004; Charlson and 
Taylor, 1999). In addition, there are two basic types of FBC technology: BFBC (bubbling bed 
FBC) and CFBC (circulating bed FBC). The Brompton Mill which supplied the ash studied in 
this thesis has used the BFBC system. 
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2.3.4 Literature reviews of using paper sludge or paper sludge ash as cementitious material 
From Pera (Pera and Amrouz, 1998), dry sludge from the paper industry is mainly composed 
of cellulose fibres, kaolinite, and calcite. The calcination of paper sludge in the temperature 
range of 700°C to 800°C can produce metakaolin which revealed a very reactive pozzolana 
property. This burnt paper sludge exhibited more pozzolanic activity than commercially 
available metakaolins, especially at early stages. The optimum method is calcining the paper 
sludge at 700°C or 750°C for 2 or 5 hours. Under this condition, the organics in the sludge are 
destroyed and superficial defects occur during calcination. But decarbonation of the calcite is 
prevented. Thus, when combined with Portland cement and water, the calcite reacts with the 
lime to produce C-S-H gel. 
In addition, some researchers (Banfill and Frias, 2007) studied the effects of the recycled 
metakaolin derived from paper sludge on the rheology and conduction calorimetry of cement 
pastes. The results are similar to that of commercial metakaolin. By means of chemical, 
physical, morphological, mineralogical and pozzolanic characteristic, the different sludge 
products under various calcined temperatures are completely understood. Also, it appears that 
these calcined products could be incorporated into the manufacture of white Portland cements 
due to their colour (very close to absolute white) (Frias et al., 2008). Furthermore, both Frias 
and Garcia (Frias et al., 2008; Garcia et al., 2008) agree that an optimal condition for 
transforming paper de-inking sludge into a pozzolanic material is achieved at 700°C 
maintained for" 2 hours. Under these conditions, the organic matter disappears and the 
calcined sludge becomes active by transforming kaolinite into metakaolinite. The calcined 
product exhibits high pozzolanic activity. Furthermore, a significant gain of compressive 
strengths (approximately 10%) is observed from 7 days and beyond, when 10% calcined 
paper sludge is blended with the ordinary Portland cement (Garcia et al., 2008). 
In contrast, some studies discuss the ash obtained from burning of the sludge: 
• Kinuthia et al. have found that it is possible to blend wastepaper sludge ash (WSA) and 
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ground granulated blast-furnace slag (GGBS) to produce an effective binder for mortar 
and concrete without Portland cement (PC). The optimum WSA: GGBS combination 
with respect to strength development is in the range of 40:60 to 60:40. The higher ratios 
increase the water demand and rapid setting while lower ratios contain insufficient WSA 
to effectively activate the GGBS especially at early ages. In addition, the sulphate 
expansion of WSA-GGBS mortar bars is negligible up to at least one year with little 
indication of strength loss, compared to Portland cement mortars which exhibited 
substantial expansion (Kinuthia et al., 2001); 
• O'Farrell et al. have investigated several types of concrete, combining various 
proportions of WSA:GGBS with PC. The results of both PC-WSA and PC-WSA-GGBS 
systems indicated that even at high replacement levels (up to 60%), compressive strength 
is not compromised, and in some cases exceeds that of the control with a 100% PC 
binder (O'Farrell et al., 2002); 
• Bai et al. have studied the compressive strength and hydration characteristics of 
WSA-GGBS blended pastes. Pastes formed from WSA-water mixtures show rapid 
setting and very low rates of strength development, whereas, pastes formed from 
WSA-GGBS blends, show less rapid setting and increased strength development. The 
optimum blend composition to give maximum strength is 50% WSA-50% GGBS (Bai et 
al.,2003); 
• Veerappan et al. also have found that the 50% WSA-50% GGBS binder composition 
showed the best performance with respect to strength development (Veerappan et al., 
2003). , 
2.4 Characteristics of Fly Ash 
The physical and chemical properties of fly ash depend upon many factors, such as the type 
of fuel combustion, the type of furnace, manner of off-gas desulfurization, etc. which 
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ultimately, in different ways, influence their behaviour in the cement system (Pacewska et al., 
2006). 
2.4.1 Chemical compositions and classification 
The chemical compositions of each type of fly ash include major and minor constituents as 
well as trace elements. Most constituents are determined by means of X-ray fluorescence 
(XRF) and spectrometry techniques. It shows that SiC>2, AI2O3, Fe203, and CaO are the major 
constituents of most fly ashes. Other elements are MgO, Na20, K2O, SO3, MnO, TiCh, and C 
(Malhotra and Ramezanianpour, 1994). ASTM C 311(2004f) describes the standard method 
for sampling and testing fly ash to use as a mineral admixture in concrete. 
Excluding the oxide composition mentioned before, the weight loss of fly ash burned at 
temperatures < 1000 ° C, known as loss on ignition (LOI), needs to be determined. It is 
related to the presence of carbonates, combined with water in residual clay minerals, and 
combustion of free carbon (Malhotra and Ramezanianpour, 1994). The amount of water 
required for workability of mortars and concretes depends on the carbon content of fly ash: 
the higher carbon content within a fly ash, the more water is needed to produce a paste of a 
normal consistency. Meanwhile, the carbon appears as cellular particles that have a very large 
specific surface area and it is, therefore, able to adsorb substantial quantities not only of water, 
but also of chemical admixtures (air-entraining agents) in concrete (Neville, 1996), 
The authors (Scheetz and Earle, 1998) presented some chemical analytical results dealing 
with a range of fly ashes produced by lignitic or subbituminous coals and bituminous coals in 
a pulverized coal combustion system. Meanwhile, another type of fly ash produced by 
burning high-BTU coal in a fluidized bed combustion system was analyzed and compared 
with the former. The details are shown in Table 2.2. It can be observed that the main 
differences are revealed by the primary oxide compound, such as Si02, AI2O3, CaO, etc. 
Generally, traditional coal-produced fly ash as a pozzolanic material has been classified into 
two classes, based on the oxide composition: 
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• Class F: fly ash that is produced from the burning of anthracite or bituminous coal. This 
is typically pozzolanic and has low lime content. 
• Class C: fly ash that is produced from the burning of lignite or subbituminous coal. In 
addition to having pozzolanic properties, it has some self-cementing properties. It also 
has high lime content. 
Moreover, according to ASTM C 618 (2003a), the details of requirements to classify fly ash 
are shown in Table 2.3. 
Table 2. 2 - Typical variations in the bulk chemical compositions of pulverized coal and 
fluidized bed combustion fly ashes (Scheetz and Earle, 1998) 
Oxide 
SiOz 
A1203 
Fe203 
CaO 
MgO 
Na20 
K20 
so3 
Moisture 
LOI 
Pulverized coal fly ash 
Class F 
<10%CaO f l j 
52.5 ±9.6 
22.8 ±5.4 
7.5 ±4.3 
4.9 ±2.9 
1.3 ±0.7 
1.0± 1.0 
1.3 ±0.8 
0.6 ±0.5 
0.11 ±0.14 
2.6 ±2.4 
Class C 
> 20% CaO h) 
36.9 ±4.7 
17.6 ±2.7 
6.2± 1.1 
25.2 ±2.8 
5.1 ± 1.0 
1.7 ± 1.2 
0.6 ±0.6 
2.9 ±1.8 
0.06 ± 0.06 
0.33 ±0.35 
Fluidized bed coal fly 
ash (high-BTU c)) 
24 
6.05 
2.05 
42 
0.45 
0.07 
0.51 
20.8 
+ 0.25 
2.03 
Based on 45 samples 
Based on 97 samples 
BTU — British thermal units 
The pozzolanic activity of Class F fly ash is certain, but it is essential that it has a constant 
fineness and a constant carbon content (Neville, 1996). The carbon content is assumed to be 
equal to the loss on ignition, although the value includes any combined water or fixed CO2 
present (Neville, 1996). Additionally, the carbon in the ash may affect the colour of the 
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resulting concrete - the higher carbon content makes it darker. Also, Class C fly ash may 
occasionally have a lime content as high as 24% (Neville, 1996). With the exception of 
pozzolanic property, high-lime ash has some cementitious (hydraulic) properties of its own, 
but because its lime will react with the silica and alumina portions of the ash, there will be 
less of these compounds to react with the lime which has been generated by the hydration of 
cement (Neville, 1996). Generally, Class C fly ash reveals low carbon content, high fineness 
and light colour etc. This type of fly ash provides the opportunity for applications where no 
other activators would be required (Sezer et al., 2006). 
Table 2. 3 - Classification of fly ash according to ASTM C618 (2003a) 
Fly 
Class F 
Ash 
Class C 
Chemical requirements 
Silicon dioxide (Si02) plus aluminum oxide (A1203) 
plus iron oxide (Fe203), min, % 
Alkali content (Na20 eq. a)), max, % 
Sulphur trioxide (S03), max, % 
Moisture Content, max, % 
Loss on ignition, max, % 
70.0 
1.5 
5.0 
3.0 
6.0*' 
50.0 
1.5 
5.0 
3.0 
6.0 
Physical requirements 
Fineness, max, % retained 
Strength activity 
index 
With Portland cement, at 7days, min, % 
With Portland cement, at 28 days, min, % 
Water requirement, max, % of control 
Autoclave expansion, max, % 
34 
75 
75 
105 
0.8 
34 
75 
75 
105 
0.8 
"' Na20 equivalent = 0.658 K20 + Na20 
b>
 The use of class F fly ash containing up to 12% loss on ignition may be approved by the user if 
acceptable performance results are available 
Based on the Canadian Standards Association specifications (CSA A3001 2003, 2004a) 
(formerly CSAA23.5), ash is classified as: 
• Low calcium oxide — Type F (CaO < 8%); 
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• Intermediate calcium oxide — Type CI (8% < CaO < 20%); 
• High calcium oxide — Type CH (CaO > 20%). 
In accordance with these guidelines, up to 50% fly ash (type F, CI or CH) may be blended 
with Portland cement. The detailed requirements on both chemical and physical properties are 
shown in Table 2.4. 
Another classification of coal fly ash has also been made by European Committee: siliceous 
coal fly ash (V), equivalent to type F, and calcareous (W), equivalent to type C (Sebastia et al., 
2003). Table 2.5 shows the properties that fly ash must have to be a component of cement 
according to EN 197-1:2000. Furthermore, the fly ash content added to cement may vary 
between 6% and 55% by weight (EN 197-1:2000) (2000). 
Table 2. 4 - Chemical and physical requirements of fly ash according to CSAA3000-03 
(2004a) 
Items 
Type 
F CI CH 
Chemical properties 
Calcium oxide (CaO), % 
Sulphur trioxide (S03), max, % 
Loss on ignition, max, % 
< 8 
5.0 
8.0 
8 - 2 0 
5.0 
6.0 
>20 
5.0 
6.0 
Physical properties 
Fineness, 45 um, max, % retained 
Autoclave, max, % expansion 
Pozzolanic activity 
(CSA accelerated at 7 days), min, % 
34 
0.8 
68 
34 
0.8 
68 
34 
0.8 
68 
Table 2.6 (EN 450) (1994) gives the characteristics of fly ash. The amount of fly ash used to 
replace cement in concrete may be between 15% and 35%) of the total cementitious material 
(Sebastia et al., 2003). Generally, the dosage of admixtures added to concrete depends upon 
the strength requirements. 
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Table 2. 5 - Properties of coal fly ash for cement addition (EN 197-1:2000) (2000) 
Loss on ignition (wt. %) 
Reactive CaO (wt. %) 
Free CaO (wt. %) 
Reactive Si02 (wt. %) 
Stability (mm) 
Siliceous coal fly ash (V) 
< 5 
<10 
< 1 
>25 
<10 
Calcareous coal fly ash (W) 
< 5 
> 10 
-
-
<10 
In most countries, a large quantity of uniform and excellent fly ash is consistently being 
produced. There is no doubt that the use of fly ash in concrete will increase; and it is expected 
to do so continuously world-wide. However, it is not possible to provide a 'standard', or even 
a 'typical' fly ash. 
Table 2. 6 - Properties of coal fly ash for concrete addition (EN 450) (1994) 
Properties 
Loss on ignition (wt. %) 
Chloride (wt. %) 
Free CaO (wt. %) 
S0 3 (wt. %) 
Stability (mm) 
Activity rate (%) 28 days 
90 days 
Values 
< 5 
<0.1 
< 1 
< 3 
+ 1 
>75 
>85 
2.4.2 Physical properties 
Generally, fly ash is a fine-grained material consisting mostly of spherical, glassy particles. 
Some ashes also contain irregular or angular particles. 
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Figure 2. 4 - Backscattered electron (BSE) Images of (A) typical fly ash spheres; (B) hollow 
cenosphere in cross-section; (C) unburned carbon particles; (D) mineral aggregate (quartz); 
(E) agglomerated particles in cross-section; (F) irregularly shaped amorphous particles 
(Kutchko and Kim, 2006). 
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Figure 2.5 shows the scanning electron microscope (SEM) of a Class C and Class F fly ash. 
Additionally, 'Kutchko et al. (Kutchko and Kim, 2006) show the selected backscattered 
electron imaging (BSE) photos (Figure 2.4) of 12 samples of Class F fly ash. 
Figure 2. 5 - Scanning electron micrographs (SEMs) of fly ash (Class C and Class F) (Wang 
et al., 2008a) 
Results of SEM and particle-size analysis have shown that spherical and rounded fly ashes 
vary in size from 1.0 to 150 urn. Fly ashes of irregular and angular shape are usually larger. 
Mehta (Mehta, 1994) has found that high-calcium fly ashes are finer than that of low-calcium 
fly ashes. The author explains that this difference is related to the presence of larger amounts 
of alkalic sulphates in high-calcium fly ashes. 
Fly ash particles have a very high fineness: the vast majority of particles have a diameter of 
between less than lum to 100 urn. The specific surface of fly ash is usually between 250 to 
600 m2/kg (using the Blaine method), but sometimes lower and higher values occur (Neville, 
1996). The high specific surface of fly ash means that the material is readily available for 
reaction with calcium hydroxide (Ca[OH]2). Haque (Haque and Kayali, 1998) pointed out 
that fly ash with high fineness exhibits high pozzolanic activity and can be used to produce 
high strength concrete. 
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Eleven Canadian fly ashes were analysed by Carette and Malhotra (Carette and Malhotra, 
1987). As shown in Table 2.7, these fly ashes classified as Class F (B) or Class C (SB or L) 
have a specific gravity range varying from 1.90 to 2.96. Moreover, the Blaine fineness of 
these ashes is in the range of 127 to 448, and 215 to 581 m2/kg for Class F fly ash and for 
Class C fly ash, respectively. The particle size distribution of these eleven fly ashes is 
obtained by a laser particle size analyser as shown in Figure 2.6. The average particle size 
(D50) of various ashes is about 15 to 45 um with the exception of the 11th sample, which is as 
fine as about 5 urn. 
Colour is one of the important physical properties of fly ash in terms of estimating the lime 
content qualitatively. It is suggested that lighter colour indicates the presence of high calcium 
oxide and darker colours suggests high organic content (Cockrell and Leonard, 1970). 
In short, the physical characteristics of fly ash vary over a significant range, corresponding to 
their source. The variability of different fly ash can be detected by means of physical 
properties. 
Table 2. 7 - Physical properties of 11 kinds of fly ashes (Carette and Malhotra, 1987) 
Fly ash 
source 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
Type of 
coal a) 
B 
B 
B 
B 
B 
B 
SB 
SB 
SB 
L 
L 
Physical properties 
Specific gravity 
(Le Chatelier Method) 
2.53 
2.58 
2.88 
2.96 
2.38 
2.22 
1.90 
2.05 
2.11 
2.38 
2.53 
Blaine specific surface 
area (m2/kg) 
289 
312 
127 
198 
448 
303 
215 
326 
240 
286 
581 
B, bituminous; SB, subbituminous; L, lignite. 
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Figure 2. 6 - Range of particle size of fly ashes (laser method) (Carette and Malhotra, 1987) 
2.4.3 Mineralogical composition 
Due to the rapid cooling of burned coal in the power plant, fly ash consists of noncrystalline 
particles (< 90%), or glass, and a small amount of crystalline phases. Depending on the 
system of burning, some unburned coal may be collected with ash particles (Malhotra and 
Ramezanianpour, 1994). Generally, in addition to a substantial amount of glassy material, the 
ash may contain one or more of the four major crystalline phases: quartz, mullite, magnetite, 
and hematite. In subbituminous fly ash (Class C), the crystalline phases may include C3A, 
C4A3S , calcium sulphate, and alkali sulphates (Malhotra and Ramezanianpour, 1994). 
Furthermore, the reactivity of fly ash is related to the noncrystalline phase (glass). The reason 
for the high reactivity of high-calcium fly ash may partially lie in the chemical composition 
of the glass, which is different from that of the glass in low-calcium fly ash. Typically, low 
calcium fly ash shows the maxima diffused halo at the 20 of 21-25° (CuKa radiation), 
whereas, high-calcium fly ash is shown at the 20 of 30-34° (Malhotra and Ramezanianpour, 
1994). Figure 2.7 shows several SCMs containing crystalline compounds and glass phase. 
Bai studied the WSA ash collected from the flue gases of the wastepaper sludge combustor 
(Figure 2.8). The XRD analysis showed that the ash consisted of several different crystalline 
phases, the principal ones being gehlenite, quicklime and a'-C2S/bredigite, together with 
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small amounts of hydrated lime and anorthite and traces of calcite, vaterite and quartz (Bai et 
al., 2003). Also, a significant amorphous component of calcium aluminosilicate glass spheres 
was also detected. 
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Figure 2. 7 - X-Ray Diffractograms for common SCMs: (2a) silica fume; (2b) Class N 
pozzolan; (2c) Class F fly ash; (2d) Class C fly ash; (2e) GGBFS (slag cement) 
(Lamond and Pielert, 2006). 
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Figure 2. 8 - XRD patterns of WSA (Bai et al, 2003). 
The WSA supplied by Aylesford Newsprint Ltd., analysed by XRD (Figure 2.9), shows that 
the present crystalline phases are quartz, anorthite, gehlenite, calcite and some evidence of 
quicklime. The relative intensities of the various diffraction peaks suggest that, of the 
crystalline phases in the ash, quartz and gehlenite are the major phases present (Kinuthia et al., 
2001). 
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Figure 2. 9 - XRD analysis of dry WSA (Kinuthia et al., 2001) 
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2.4.4 Mechanism of hydration 
The hydration of fly ash is based on the reaction between the lime and the pozzolan elements 
(AI2O3, Si02, Fe203) in the presence of water. The generations of hydrated calcium silicate 
gel or calcium aluminate gel (cementitious material) are illustrated as follows: 
CaO + H20 -> Ca(OH)2 (1) 
Ca(OH)2 -> Ca++ + 2[OH]" (2) 
Ca++ + 2[OH]' + Si02 -> CSH (3) 
(silica) (gel) 
Ca++ + 2[0H]- + A1 2 0 3 ^CAH (4) 
(alumina) (gel) 
For Class C fly ash, the lime in the fly ash reacts with the siliceous and aluminous materials 
(pozzolans) contained in the fly ash. In other words, fly ash which has high lime content 
(Class C) can react by itself, to some extent, in the presence of water. In particular, some C2S 
may be present in fly ash, and it can react with other compounds to form C-S-H. The 
crystalline C3A and other aluminates are reactive as well. A similar reaction can occur in 
Class F fly ash, but extra lime must be added because the lime content of the Class F ash is 
too low (§enol et al., 2002). In addition, as with Class F fly ash, there is a reaction of silica 
with calcium hydroxide (Ca[OH]2) produced by the hydration of Portland cement. Thus, 
Class C fly ash reacts earlier than Class F fly ash, but some Class C fly ashes do not show a 
long-term increase in strength (Neville, 1996). 
2.5 Properties of Fly Ash Blended with Cement 
As mentioned before, fly ash is not a specially manufactured product and cannot, therefore, 
be governed by strict requirements of a standard. Many variations in fly ash can be observed 
such as glass content, carbon content, different particle shape and size distribution, mineral 
components, and even colour. Also, the burning of pulverized coal influences the formation 
of fly ash particles. High temperature easily creates spherical particles, but the need to reduce 
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the N0X emissions requires the application of a lower burning peak temperature so that some 
minerals with high melting points will not completely be fused (Botha, 2004). Therefore, a 
fluidized bed combustor system can be considered with the peak temperature around 900 °C. 
As a result, it may cause a reduction in the proportion of spherical particles of fly ash as well 
as a reduction in the proportion of particles which are smaller than 10 um (Neville, 1996). All 
the parameters mentioned above will influence the effect of products formed by fly ash 
blended with cement. 
2.5.1 WSA Fly ash in paste or mortar 
Paste 
Farrell (O'Farrell et al., 2002) prepared several pastes containing WSA. The Portland cement 
(PC) was replaced by 0%, 20%, 40%, 60% and 80% of either WSA or a 50:50 blend (WSA 
and GGBS). With increasing WSA content, the required amount of retarder/plasticiser rose at 
a parabolic rate as is shown in Figure 2.10. Therefore, it can be concluded that WSA has a 
high water demand. 
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Figure 2. 10 - Retarder addition required to achieve consistent slump (75mm ± 25 mm) 
(O'Farrell et al., 2002) 
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The initial and final setting time of pastes obtained by the Vicat apparatus are shown in 
Figure 2.11. Increasing WSA content has substantially decreased both the initial and final set 
setting times of the pastes (O'Farrell et al., 2002). The most significant trend observed is that 
the final setting time sharply decreased compared to that of the control. 
The hydration mechanism as well as setting time of WSA appear to be highly complex and 
are still being investigated by researchers in the world. The early heat evolution and reduced 
setting times of mixtures containing WSA are attributed to these rapid initial hydration 
reactions. WSA has recently been shown (Bai et al., 2003) to be self-cementing and was 
thought to possess both hydraulic and pozzolanic properties. Some of these properties were 
observed when WSA was used to partially replace PC. The author (Bai et al., 2003) also 
reported that the rapid setting was attributed to the hydration of CaO to Ca(OH)2. The 
hydration of a'-CiS/bredigite might contribute to the rapid initial set as well. 
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Figure 2 . 1 1 - Setting times of PC-WSA mixtures (O'Farrell et al , 2002) 
Tests of compressive strength conducted by Bai et al. (Bai et al., 2003) on pastes formed by 
WSA-GGBS or WSA only showed very low rates of strength development, especially with 
results of WSA pastes (Figure 2.12). The low strengths were attributed to the early 
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development of a highly porous paste with a coarse pore structure caused by such unsound 
matrix, derived mainly from the expansive property of quicklime hydration. Additionally, 
WSA-GGBS pastes, unlike WSA paste, increased strength development. The optimum blend 
combination was 50% WSA with 50% GGBS. After 90 days, this mixture exhibited 
compressive strength which was close to 50% of the Portland cement paste at the same 
period. 
20:80 30:70 40:60 50:50 60:40 70:30 WSA 
Mix 
Figure 2. 12 - Compressive strength of WSA-GGBS and WSA pastes relative to PC strength 
(w/b = 0.5) (Bai et al., 2003) 
Mortar 
The mortar mix made by a 1:3 binder to sand ratio and the water to binder ratio (w/b) of 0.65 
was higher than standard (0.5) due to the high demand for high WSA content. The varied 
WSA and GGBS content were employed as the binder to compare with 100% PC mortar. The 
evolution of strength development is shown in Table 2.8. On the first day, the strengths were 
very low, but after 28 days, the strengths had increased significantly compared to those of PC 
mortar, indicating substantial cementing activity (Kinuthia et al., 2001). At 28 days, the 
D 1 day 
0 7 days 
• 28 days 
S 90 days 
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strength of the cube (WSA-GGBS as 60:40) was in excess of 50% of the strength for the 
control. Generally, the mortar applied to water curing appeared to have better performance in 
gaining strength. The author further affirmed that the WSA contributed significantly to 
strength development from 1 to 28 days and the GGBS contributed notably to strength oyer 
28 days. Also,'the data indicated that WSA contributed to the strength development by 
hydrating itself and by activating the hydration of slag. 
Table 2. 8 - Strength of WSA:GGBS mortar (MPa), relative strengths in parenthesis (Kinuthia 
etal.,2001) 
Curing period 
(days) 
1 
7 
28 
Curing 
regime 
Moist 
Water 
Moist 
Water 
Moist 
Water 
Mix composition (WSA:GGBS) 
PC 
11.6 
11.1 
22.1 
20.5 
30.8 
28.8 
20:80 
0.2 (0.02) 
0.2 (0.02) 
4.8 (0.22) 
3.9(0.19) 
12.2 (0.4) 
12.1 (0.42) 
30:70 
0.7 (0.06) 
1 (0.09) 
5.8 (0.26) 
6.2 (0.3) 
12.7(0.41) 
13(0.45) 
40:60 
1.1(0.1) 
1.4(0.13) 
6.9(0.31) 
7.7 (0.38) 
12.1 (0.39) 
12.4(0.43) 
50:50 
1.2(0.11) 
1.4(0.13) 
7.6 (0.35) 
7.8 (0.38) 
12(0.39) 
13.1 (0.45) 
60:40 
0.5 (0.04) 
1.5(0.14) 
3.7(0.17) 
8.9 (0.43) 
9.5(0.31) 
15(0.52) 
2.5.2 Fly ash in fresh concrete 
Water demand and dosage of air-entraining agent 
Generally, for a constant workability, fly ash may reduce the water demand of concrete 
between 5 to 15% compared with a PC mixture. The reduction is larger at a higher w/b ratio. 
This phenomenon probably is linked to the shape of fly ash particles, which generally are 
spherical and solid. However, some of the large particles are hollow spheres, known as 
cenospheres, or vesicular and are of irregular shape. The spherical shape has a so-called 
"ball-bearing effect". Because of electrical charges, the finer fly ash particles can be adsorbed 
on the surface of cement particles. Then if enough fine fly ash particles are present to cover 
the surface of the cement, which thus become deflocculated, the water demand for a given 
workability is reduced (Neville, 1996). Thus, it seems that the action of fly ash is like that of 
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superplasticizer on water demand. Both of them are through dispersion and adsorption of fly 
ash particles on the PC particles. It should be noted that the carbon content is another 
essential factor of fresh properties. Fly ash may adversely affect workability when it has a 
higher carbon content included in it. Moreover, the carbon may also lead to erratic behaviour 
with respect to air entrain agent, which would be adsorbed by the porous carbon particles 
(Neville, 1996). 
Carette et al. (Carette and Malhotra, 1987) have studied fresh concrete properties of eleven 
kinds of Canadian fly ashes (including both Class C and Class F fly ash). The authors found 
that except with No. 5 and 6, the use of a fixed quantity of water generally resulted in 
increasing the slump of fly ash mixtures and the slump variation was 30 to 70 mm higher 
than that of the control (Table 2.9). The two mixtures (No. 5 and 6) did not show as such 
increase in slump. This was attributed to their relatively high LOI content: 9.72% and 6.89%. 
Table 2. 9 - Properties of fresh concrete of eleven Canadian fly ashes (Carette and Malhotra, 
1987) 
Mixture No. 
Control 
Fl 
F2 
F3 
F4 
F5 
F6 
F7 
F8 
F9 
F10 
Fl l 
Properties of fresh concrete 
W/(C+F) 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
Slump 
(mm) 
70 
100 
105 
100 
110 
65 
75 
100 
115 
100 
130 
140 
Setting time (h:mm) 
Initial 
4:10 
4:50 
7:15 
5:20 
6:20 
5:15 
4:30 
4:15 
5:10 
5:25 
4:45 
4:00 
Final 
6:00 
8:00 
10:15 
8:10 
8:25 
8:55 
6:50 
6:20 
7:30 
9:00 
7:00 
6:05 
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Additionally, some studies showed (Kinuthia et al., 2001; O'Farrell et al., 2002) that a ternary 
concrete blending Portland cement with WSA and ground granulated blast-furnace slag 
(PC-WSA-GGBS) revealed a higher effect in reducing water demand than that of binary 
concrete made with PC and WSA (illustrated in Figure 2.10). 
Setting time 
Generally, most ashes were found to retard the setting time of concrete. The effect of fly ash 
on the setting time depends on the characteristics and amount of fly ash used. The interacting 
effects of fly ash with other chemical and mineral admixtures used in concrete may also 
influence the setting of concrete (Siddique, 2007). 
It was observed that all Class F fly ashes, especially the fly ash with high carbon content, 
increased the setting time. High calcium fly ashes, generally low in carbon and high in 
reactive cementitious components, sometimes exhibited the opposite effect on reducing the 
setting time. Nevertheless, not all Class C fly ash may cause rapid setting. Ramakrishan et al. 
(Siddique, 2007) reported an increase in setting time with the use of a high calcium fly ash in 
concrete. 
Carette and Malhotra (Carette and Malhotra, 1987) studied the effect of 11 kinds of different 
Canadian fly ashes on the fresh concrete properties. Cement was replaced with 20% fly ash in 
all the mixes. The results showed that the increase in setting time ranged between 0.5 and 3 
hours for the initial set and between 1 and 4 hours for the final set (Table 2.9). 
Effect of temperature rise for fresh concrete 
The hydration or setting of paste is accompanied by an evolution of heat that causes a 
temperature rise in concrete. Generally, replacement of cement by fly ash results in a 
reduction in the temperature rise in fresh concrete (Figure 2.13). This is of particular 
importance in mass concrete, where cooling following a large temperature rise can lead to 
cracking. 
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4 8 12 16 20 ' 24 28 32 36 40 
Relevant time from casting (hours) 
Figure 2. 13 - Figure Heat of hydration with time (Newman and Choo, 2003b) 
2.5.3 Effect of fly ash on hardened concrete 
Compressive strength 
In addition to pozzolanicity, fly ash has a physical effect of improving the microstructure of 
the hydrated cement matrix. The main physical action is the packing effect of fly ash particles 
at the interface of coarse aggregate particles and cement paste (transition zone). Some 
average strength values of concrete cylinders are shown in Table 2.10. These were obtained 
from tests on six Class F fly ashes and four Class C fly ashes under a condition of moist 
curing at 23 °C. The water to cement ratio varied from 0.40 to 0.45, and the slump of 
mixtures was controlled at 75 mm. It can be concluded that the early strengths of fly ash 
concrete were somewhat lower than the corresponding strengths of concrete made without fly 
ash. But the strengths of fly ash concrete were comparable with that of the control after one 
year. 
In general, the rate of strength development in concrete tends to be only marginally affected 
by high-calcium fly ashes (Figure 2.14). A number of authors have noted that the concrete 
incorporating high-calcium fly ash as a replacement of cement by weight or by volume has no 
significant effect on strength behaviour at early ages (Malhotra and Ramezanianpour, 1994). 
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On the other hand, the particle size of low-calcium fly ash usually is coarser than that of 
high-calcium fly ash. Thus, when used in concrete, this type of ash showed an exceptionally 
slow rate in strength development at the young age. 
Table 2. 10 - Typical compressive strength of fly ash concretes (Gebler and Klieger, 1986) 
Cementitious material 
Portland cement 
Class F fly ash (25%) 
Class C fly ash (25%) 
Compressive strength, MPa at age (days) 
1 
12.1 
7.1 
8.9 
o j 
21.2 
13.9 
19.0 
7 
28.6 
19.4 
24.1 
14 
33.9 
24.3 
28.5 
28 
40.1 
30.3 
29.4 
91 
46.0 
39.8 
40.5 
365 
51.2 
47.3 
45.6 
o 5 10 20 30 40 50 60 70 80 90 95 
Time, days 
5 10 20 30 40 50 60 70 80 90 95 
Time, days 
Figure 2. 14 - Compressive strength development of concretes containing high-calcium fly 
ash (Yuan and Cook, 1983b) 
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The compressive strength of concrete made by various proportions of WSA: GGBS are 
shown in Table 2.11. It was observed that the optimum ratio of WSA: GGBS was 50:50. By 
increasing the WSA: GGBS ratio above 50:50, the strengths of concrete with w/b of 0.4 
declined more rapidly than the other four mixtures. For the mixture with the proportion of 
70:30, the strengths at w/b of 0.4 were substantially lower than that of 0.5. This was attributed 
to the much higher water demand of the higher WSA content and resulted in poorer 
compacting of concrete matrix (Kinuthia et al., 2001). Also the rate of early strength 
development was much slower for the WSA: GGBS concrete. However, the SCMs concrete 
without PC showed substantial improvement between 1 and 28 days and continued to gain 
strength owing to its great cementitious activity. 
Table 2. 11 - Strength of WSA:GGBS concrete (MPa) (Kinuthia et al., 2001) 
Curing period 
(days) 
1 
7 
28 
90 
w/b ratio 
0.5 
0.4 
0.5 
0.4 
0.5 
0.4 
0.5 
0.4 
Mix composition (WSA:GGBS) 
PC 
30.5 
52.3 
51.1 
64.9 
58.1 
75.1 
65 
79.8 
30:70 
0.6 
0.7 
10.8 
10.2 
16.8 
18 
22.7 
26.8 
40:60 
0.4 
1 
8.6 
9.6 
16.3 
18.9 
24 
26.2 
50:50 
0.6 
1.3 
11 
11.9 
19 
20.7 
27.1 
27 
60:40 
0.6 
0.8 
7.7 
4 
15.2 
16.4 
23.4 
22.7 
70:30 
1.2 
1.5 
10.5 
5.6 
16.9 
12.5 
22.7 
17.5 
Another research on WSA concrete was conducted by O'Farrell (O'Farrell et al., 2002). The 
compressive strength of the PC: WSA system up to 90 days was compared with the control 
concrete as shown in Figure 2.15(a). At early ages, the concrete with WSA partly replacing 
PC appeared to have reduced the strength. However, after curing the samples for 90 days, the 
compressive strength of the WSA concrete was in excess of that of the control, even 
including the mixture containing 60% WSA. A similar trend was observed for those concretes 
whose binder was composed of PC, WSA and GGBS (Figure 2.15(b)). 
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Figure 2. 15 - Relative compressive strength of concrete with (a) PC-WS A binder and (b) 
PC-(50%WSA-50%GGBS) binder (OTarrell et al., 2002) 
2.5.4 Effects of fly ash on durability of concrete 
Of all the factors in designing concrete, durability is one of the indispensable properties 
which should be considered. 
Permeability 
One consequence of the slow reaction of fly ash in concrete is that, initially, the fly ash 
concrete has a higher permeability than concrete with a similar water to cement ratio but 
containing Portland cement only. However, with time, fly ash concrete acquires a very low 
permeability (Neville, 1996). Davis considered the permeability of concrete pipe containing 
30 and 60% of fly ash substituted for cement and the results are shown in Table 2.12. It can 
be observed that after 28 days, at which time a little pozzolanic activity would have occurred, 
the fly ash concrete was more permeable than the control concrete. After 6 months, this 
tendency was reversed. Considerable imperviousness had developed, presumably as a result 
of the pozzolanic reaction of the fly ash. 
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Table 2. 12 - Relative permeability of concretes with and without fly ash (Malhotra and 
Ramezanianpour, 1994) 
Fly ash 
Type 
None 
Chicago 
fly ash 
Cleveland 
fly ash 
% by weight 
.-
30 
60 
30 
60 
w/b by 
weight 
0.75 
0.70 
0.65 
0.70 
0.69 
Relative permeability (%) 
28 days 
100 
220 
1410 
320 
1880 
6 months 
26 
5 
2 
• 5 
7 
Resistance to freezing and thawing 
Generally, with air entrainment, concrete is highly resistant to deterioration caused by 
freezing and thawing. The benefit of air entrainment of concrete is shown in Table 2.13. 
Adequate amount of air content is crucial to the durability of concrete in relation to freezing 
and thawing (Wang et al., 2008b). Fly ash has little direct effect on resisting freezing and 
thawing, but it does affect the air content of concrete mixes through influencing the 
behaviours of the air-entraining agent (AEA), thus probably bringing severe air losses 
within 2 hours after mixing (Helmuth, 1987). It is generally agreed that Class C fly ash has 
less carbon than Class F (Wang et al., 2008b); therefore, Class C fly ash needs less AEA than 
Class F in a concrete mix. Furthermore, if a suitable amount of AEA is added to fly ash 
concrete to produce desirable air void, fly ash does not affect the freezing and thawing 
behaviour too much. 
Table 2. 13 - The effect of air content on durability factor (Mindness et al., 2003) 
Air content (%) 
<3 
>4 
Durability factor (%) by ASTM C 666 
<80 
>85 
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De-icing salt-resistance 
Scaling is defined as the flaking or peeling away of the near surface portion of hardened 
concreter or mortar, or a thin layer of mortar flakes off the surface of coarse aggregate (Boyd, 
1995). It is primarily due to the build-up of osmotic and hydraulic pressures in excess of 
normal hydraulic pressures produced when the water inside of the concrete freezes. Such 
pressures tend to induce internal tensile stresses that eventually result in failure of the 
concrete (Boyd, 1995). 
Bilodeau et al. (Bilodeau and Malhotral, 1992) found that both Class F and Class C fly ash, at 
least when they were present in large proportions, resulted in a poor resistance to de-icing 
agents, even though the concrete had a good resistance to freezing and thawing. 
In addition, Bilodeau (Bilodeau et al., 1994) evaluated eight types of fly ash containing a 
wide range of chemical compositions (high, intermediary, and low CaO) on de-icing scaling 
resistance. The high volume fly ash concrete with the replacement of cement ratio up to 60% 
had a poor resistance to de-icing scaling. The visual ratings were recorded as 4 and 5, 
corresponding to moderate to severe, and severe scaling, respectively. 
Resistance to sulphate attack 
It is well established that the reaction of fly ash with calcium hydroxide (Ca[OH]2) released 
during cement hydration results in the formation of additional calcium alumino-silicate 
hydrates (C-S-H) and later, the reduction of permeability of the concrete. Thus, the utilization 
of fly ash in concrete increases its resistance to sulphate attack and decreases the penetration 
of potentially corrosive salts into the concrete which may cause steel corrosion with 
accompanying cracking and spalling of the concrete (Siddique, 2007). 
It should be noted that alumina and lime in the fly ash may contribute to the sulphate 
reactions (Neville, 1996). When present in the glass part of the fly ash, alumina and lime 
provide a long-term source of material which can react with sulphates to form expansive 
ettringite (Neville, 1996). It seems that the inclusion of Class F fly ash in concrete improves 
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the sulphate resistance, probably through the removal of calcium hydroxide. 
Kinuthia (Kinuthia et al., 2001) tested the expansion of WSA-GGBS mortars (of various 
compositions) exposed to sodium sulphate solution for up to 250 days (Figure 2.16). The 
mortars (without PC) composed of a wide range of WSA-GGBS blending revealed negligible 
sulphate expansion up to 1 year. 
EXPOSURE PERIOD (DAYS) 
Figure 2. 16 - Expansion of WSA: GGBS mortars exposed to sodium sulphate solution 
(Kinuthia et al , 2001) 
Resistance to alkali-silica reaction (ASR) 
Generally, fly ash, in adequate quantity in the mix, is beneficial in reducing the alkali-silica 
reaction, but the mechanisms involved are complex and imperfectly understood (Neville, 
1996). 
Stanton may have been the first to recognize the beneficial effects of pozzolana in reducing. 
the expansion due to ASR. Early tests by Blanks indicated that fly ash was more effective in 
reducing ASR expansion at later ages (Wesche, 1991). The beneficial effects of fly ash may 
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arise from the denser structure of the hydrated cement paste which impedes the movement of 
ions, or from the preferential reaction with the alkalis with the fly ash so that they are not 
capable of reaction with the silica in the aggregate (Neville, 1996). In addition, it should be 
pointed out that fly ash itself contains alkalis. But typically only about one-sixth of the total 
alkali content in fly ash is water-soluble, and therefore potentially reactive. Whether or not fly 
ash.contributes alkalis to the pore water in concrete seems to depend on the alkalinity of the 
cement used (Neville, 1996). 
Shehata (Shehata, 2001) investigated the effect of fly ash on ASR in concrete. The author 
used twenty fly ashes of a wide range of chemical composition and a siliceous limestone 
reactive aggregate (Spratt). The study showed that the efficiency of fly ash in limiting the risk 
of deleterious expansion is linked to its efficiency in lowering the alkalinity in the pore 
solution. High-calcium and high-alkali fly ashes are generally less effective compared to 
low-calcium ash. Moreover, some researchers (Bleszynski, 1997) have studied the influence 
of Class C as well as Class F fly ash in suppressing expansion due to ASR. It was determined 
that fly ash's CaO content and the level of replacement influence its ability to mitigate 
expansion due to ASR. Generally, reductions in expansion and pore solution alkalinity were 
observed with decreasing lime contents and increasing replacement levels. Pore solution 
alkalinity was found to be a governing mechanism in ASR expansion, especially at 25% 
replacement. Additionally, it is viable for a combination of fly ash with silica fume to 
effectively suppress ASR expansion. 
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3 EXPERIMENTAL PROGRAM 
3.1 Methodology 
This thesis was inspired by the requirements to characterize WSA, as well as the desire to 
assess the performance of WSA concrete. 
Firstly, the study was carried out in a laboratory. Secondly, the filed application of WSA was 
performed based on the results obtained from the laboratory. 
Specifically, the research work in the laboratory was divided into three phases: 
• Phase I-Characteristics of WSA; 
• Phase II - Preliminary analysis of paste made by WSA and the pozzolanic activity of 
WSA mortar cubes; 
• Phase III - Optimization of WSA proportions in concrete and the comprehensive survey 
of fresh and hardened WSA concrete, and durability with respect to selected WSA 
concrete. 
3.1.1 Phase I-Characteristics of WSA 
As mentioned in Chapter 2, the composition and properties of fly ash depend on the type and 
origin of the fuel, as well as combustion conditions. Due to the different producing 
procedures (FBC) and variation in raw feeds (de-inking sludge, wood chips, etc.), WSA 
presents new challenges for management and couldn'-t be classified as standard pulverized 
coal-combustion (PCC) fly ash. Currently, little research (Bai et al., 2003; Kinuthia et al., 
2001; O'Farrell et al., 2002; Veerappan et al., 2003) has been done on the use of WSA in 
concrete as discussed in Chapter 2. The effect of this ash in concrete as SCM is not fully 
understood. As a result, it is necessary to analyse the WSA, and to compare its properties with 
the traditional coal-produced ash. 
Phase I was divided into four parts: 
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• Chemical composition; 
• Physical properties (density, particle size distribution and specific surface area); 
• Mineralogy analysis; 
• Morphology analysis. 
The details of required test methods are shown in Table 3.1: 
Table 3 . 1 - Required tests used in Part I 
Test 
Chemical properties 
Chemical compositions 
Physical properties 
Density 
Specific surface area 
Particle size distribution 
Mineralogy 
Morphology 
Method or instrument Reference 
X-ray fluorescence spectrometer (XRF) 
Pycnometer 
Blaine 
BET (Brunauer—Emmett—Teller) 
Laser particle size analyser 
(ANALYSETTE 22 COMPACT) 
X-ray diffraction (XRD) 
Scanning electron microscope (SEM), 
Energy dispersive X-ray spectroscopy (EDS) 
ASTMC 188 a> 
ASTM C 204 h> 
a>ASTMC 188 (2003d) 
*
;
 ASTM C 204 (2000b) 
3.1.2 Phase II - Preliminary analysis of WSA paste and WSA mortar 
The objective of this phase was to evaluate the effect of using WSA in paste with respect to 
the rheology, hydration, and the compatibility with chemical additives. The pozzolanic 
activity was performed by testing strength development of mortar cubes containing different 
proportions of WSA. The summary of tests used in this phase is shown in Table 3.2. 
In the case of mortar, three groups (as shown in Table 3.3) of mix designs were evaluated: 
• Replacing Portland Cement by 0%, 10%, 20%, 30% and 40% of WSA, adjusting the 
water content to secure a similar fluidity level as that of the control made by 100% of 
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Portland cement and the w/b of 0.485 as specified in ASTM CI09 (2002e); 
• Replacing cement by 10%, 20%, 30% and 40% of WSA, using a constant w/b as 0.35, 
adjusting the dosage of superplasticizer to obtain a fluidity level which is close to that of 
the control {w/b = 0.485); 
• Replacing cement by 15%, 25% and 35% of WSA plus 5% of silica fume, adjusting the 
water content to find the fluidity which is comparable to that of the control (w/b = 0.485). 
Table 3 .2 - Parametric experimental program of phase II 
Category 
Paste 
Mortar 
Behaviour 
Heat of 
hydration 
Water 
requirement 
Hydration 
velocity 
Fluidity 
Compatibility 
Activity 
Test Name 
Calorimeter 
Normal 
consistency 
Setting time 
Mini-slump 
Marsh cone 
Strength 
activity index 
w/b 
Mixtures 
0.4 + SP.(PCP) 
0, 20% and 40% WSA a) 
0,20% and 40% KFA 
Water demand for consistency 
0, 20% and 40% WSA 
0.485 
0,10%,20%,30% and 40% WSA 
0.35 + SP. 
0,20% and 30% WSA 
See Table 3.3 
Test Method 
See 
Chapter 4 
ASTM 
C187-98 
ASTMC191 
See 
Chapter 4 
See 
Chapter 4 
ASTM CI09 
Test Age 
-
-
-
10,30,40,60, 
90, and 120 
min 
5 and 60 min 
1,7, 28, and 
56 days 
The percentage of WSA used to replace PC by mass 
Table 3 . 3 - Experimental program of mortar cubes 
Group 
I 
II 
III 
Name 
Control 
Binary 
system 
Control 
Binary 
system 
Ternary 
system 
Mixtures 
100% PC 
Containing 10, 20, 30 and 
40% of WSA 
100% PC 
Containing 10, 20, 30 and 
40% of WSA 
Containing 15, 25, and 35% 
of WSA+5% silica fume 
w/b 
0.485 
Variable 
0.35 
Variable 
SP 
-
-
Adjusting the 
dosage of SP 
following the 
fluidity 
-
s/b 
2.75 
2 
2.75 
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3.1.3 Phase III - Optimization of WSA concrete and comprehensive survey 
Two procedures are involved in this phase: 
• Optimizing the content of WSA (substitution of cement up to 40% by mass) in concrete 
(using two w/b of 0.40 and 0.55); 
• The effect of WSA on concrete fresh and hardened properties with an optimum replaced 
ratio. 
To design a mix, three key parameters should be considered: w/b, the type and content of 
binder, and the type and dosage of admixtures (SP or WRA, and AEA). For instance, one 
mix was designed to apply the w/b as 0.40. The binder was considered to contain a 20% 
WSA replacement of PC. A binder content of 400 kg/m3 was chosen in respect to the 
requirement of compressive strength at 28 days. Also, the type and dosage of SP (PNS or 
PCP) or WRA and AEA (AireX-L or Micro Air) would be taken into account, following the 
target slump and air content of fresh concrete. Several subsequent tests were performed to 
evaluate the fresh, hardened, and durable properties. The designed mixtures and detail 
experimental tests are found in Table 3.4 and Table 3.6, respectively as follows: 
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Table 3 .4 - The designed concrete mixtures and required tests 
Step 
Optimization 
Sa
m
pl
in
g 
HPCAJ 
OC' ; 
w/b 
(Binder content) 
0.40 (400 kg/m3) 
or 
0.55 (350 kg/m3) 
0.40 
400 kg/m3 
0.55 
350 kg/m3 
Binder type 
100% cement 
20% WSA + 80% cement 
30% WSA + 70% cement 
40% WSA + 60% cement 
, 100% cement 
Binary 
Ternary 
d) 
Opt. % WSA +other % cement 
Opt.% WSA + 5% silica fume 
+ other % cement 
Opt.% WSA + 12% slag 
+ other % cement 
Opt.% WSA + 8% metakaolin 
+ other % cement 
100% cement 
Binary 
20% WSA + 80% cement 
30% WSA+70% cement 
40% WSA + 60% cement 
Type ofS. P. 
andAEA 
SP or WRA 
AireX-L or 
Micro Air 
According to 
optimization 
Required tests 
Fresh 
Properties (see 
Table 3.6 a>) 
fc 
See 
Table 3.6 e) 
a>
 Excluding setting time and hydration heat 
h)
 HPC: High performance concrete 
c>
 OC: Ordinary concrete 
d)
 The percentage of various SCMs is chosen from the optimization work (Laldji et al., 2007) 
e>
 Excluding the tests of ASR and resistance to sulphate attack 
For all the tests, the mixes were designed in conformance with the program illustrated in 
Table 3.4; except several tests which applied various mixtures according to the specifications 
(ASTM or CSA standards mentioned in Chapter 4) as follows: 
Test name 
Autogenous shrinkage 
Alkali-silica reaction 
Sulphate attack 
Table 3. 5 -
Sampling 
Concrete 
Concrete 
Mortar 
Mortar 
w/b 
0.40 
0.45 
0.5 
0.485 
Special mix designs 
Binder type 
Control, 20, and 40% WSA replacement of cement 
Control,20, and 40% WSA replacement of cement, 
and 20% WSA plus 5% silica fume replacement of cement 
Control, 20 and 40% WSA replacement of cement 
Control, 20 and 40% WSA replacement of cement 
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Table 3 .6 - Details of the testing program used in Phase III 
State 
Fresh 
H
ar
de
ne
d 
Mechanical 
properties 
Visco-elastic 
properties 
en 
(X o 
j -
3 
Q 
concrete 
Mortar 
bars '^  
Test Name 
Slump 
Air volume 
Unit weight 
Temperature 
Setting time 
Hydration 
heat 
Compressive 
strength (f'c) 
Flexure 
strength 
Splitting 
tensile 
strength 
Modulus of 
elasticity 
Drying 
shrinkage 
Autogenous 
strength c> 
Chloride 
penetration 
Air-voids 
system 
Freezing and 
thawing 
De-icing salt 
scaling 
Alkali-silica 
reaction c) 
Alkali-silica 
reaction 
Sulphate 
attack 
Standards a> 
ASTM C143 
ASTMC231 
ASTMC138 
ASTM CI064 
ASTMC403 
-
ASTM C39 
ASTM C78 
ASTM C496 
ASTMC469 
ASTM CI57 
-
ASTM CI202 
ASTM C457 
ASTM C666 
Procedure A 
NQ 2621-900 
CSA 
A23.1-14A 
CSA 
A23.2-25A 
ASTM 
C1012-04 
Test Age 
10 and 30 min 
10 and 30 min 
10 and 30 min 
10 and 30 min 
-
< 7 days 
1,7,56, and 
91 days 
28 days 
28 and 91 days 
28 and 91 days 
Until 64 weeks 
of curing 
-
28 and 
190 days 
28 days 
28 days 
28 and 91 days 
0 - 2 years 
0 - 2 8 days 
0-18 months 
Size/volume of 
specimen 
-
~ll 
~ll 
-
- 3 /of mortar 
150 x 300 mm 
100 x 200 mm 
400 x 100 x 
100 mm 
100 x 200 mm 
100 x 200 mm 
285 x 75 x 75 
mm 
400 x 100 x 
100 mm 
100 x 200 mm 
100 x 200 mm 
350 x 75 x 75 
mm 
250 x 200 x 
75 mm 
275 x 75 x 75 
mm 
285 x 25 x 25 
mm 
285 x 25 x 25 
mm 
Exposure 
conditions 
and remarks 
190 ±20 mm, 
100 ±20 mm *; 
5-8% 
-
-
-
Adiabatic 
condition 
Moist curing 
100% RH, 
23 ± 2°C 
Air curing 
50% ± 4% RH, 
- 23±2°C 
Seal curing 
6 h at 60 volts 
-
300 cycles 
56 cycles 
3% NaCl 
100% RH, 
38±2°C 
0.04% NaOH 
80 ± 2 °C 
0.05% Na2S04 
Detailed information is shown in Chapter 4. 
The target slump is 190 ± 20 mm and 100 ± 20 mm corresponding to w/b as 0.40 and 0.55, respectively. 
The designed composition is shown in Table 3.6. 
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3.2 Characteristics of Materials 
3.2.1 Cement and SCMa were used in this study 
A single batch of GU Portland cement according to CSA (similar to Type I cement specified 
in ASTM CI50) and four supplementary cementitious materials (Class F fly ash, silica fume, 
blast-furnace slag and metakaolin) were used in this project. The physical properties and 
chemical composition of the materials are shown in Table 3.7. 
Table 3. 7 - Physical properties and chemical composition of cement and SCMs used in this 
study 
Cement and SCMs 
Cement 
GU 
Class F 
fly ash 
Silica 
fume 
Slag Metakaolin 
Physical properties 
Specific gravity 
Blaine specific 
surface area, m2/kg 
BET, m2/g 
3.15 
422 
1 
2.53 
410 
1.38 
2.22 
-
20.09 
2.89 
526 
2.37 
. 2.33 
2140 
10.28 
Chemical composition, % 
Si02 
A1203 
Fe203 
CaO 
MgO 
so3 
K20 
Na20 
Na20 eq "; 
LOI 
20.62 
5.28 
2.74 
63.93 
1.89 
3.56 
0.90 
0.14 
0.73 
0.37 
52.4 
27.2 
8.3 
4.5 
0.96 
0.05 
2.33 
0.2 
1.74 
2.73 
95.40 
0.35 
0.03 
1.12 
0.42 
0.07 
0.93 
0.13 
0.75 
1.27 
35.07 
10.70 
1.30 
43.08 
7.62 
0.42 
0.36 
0.15 
0.39 
0.27 
46.97 
47.37 
0.41 
0.68 
0.15 
0.08 
0.18 
0.04 
0.16 
3.18 
Bogue composition, % 
C3S 
C2S 
C3A 
C4AF 
53.93 
18.44 
9.35 
8.35 
-
-
-
-
-
-
-
-
-
-
-
-
- . 
-
-
-
Na20 equivalent = 0.658 K20 + Na20 
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From the standpoint of Blaine, with the exception of silica fume, metakaolin had the highest 
fineness as shown in Table 3.7 (2140 m2/kg), followed by slag, cement GU, and Class F fly 
ash. Due to its extremely high fineness, silica fume cannot be detected by the Blaine method. 
However, its fineness was analysed by the BET method which showed that silica fume has 
the finest particles of all the materials used in this program. The particle size distribution is 
presented in Figure 3.1. Based on that plot, the average particle size (D50) of metakaolin, slag, 
cement and Class F fly ash are about 3.8 um, 9 um, 14um, and 18 urn, respectively. 
£ 
100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
0 
Diameter (um) 
Figure 3 . 1 - Particle size distribution curve for Cement GU and SCMs 
3.2.2 Aggregate 
Crushed aggregate of 20 mm was used in all the concrete mixtures. This coarse aggregate 
was supplied by a local company (Beton Aime Cote Ltd.). The content of coarse aggregate 
used in this study was constant at 1070 kg/m . 
Two types of sand were used: natural siliceous sand for concrete and the sand for mortars 
conforming to ASTM C 778 (2002b). 
The particle size distribution, specific gravity, and absorption of various aggregates are 
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summarized in Table 3.8. The particle-size distributions of these three types of aggregates are 
shown in Figure 3.2, which also suggests recommended maximum and minimum limits of 
concrete used with aggregates, conforming to ASTM C 33 (2003b). 
Table 3 .8 - Grain-size distribution and properties of coarse aggregate and sand 
Sieve (mm) 
40 
28 
20 
14 
10 
5 
2.5 
1.25 
0.630 
0.315 
0.160 
0.080 
Pan 
Specific gravity 
Absorption,% 
Cumulative passing percentage (%) 
Crushed 
aggregate (20 mm) 
-
100 
98 
70 
35 
3 
0.65 
0.6 
-
-
-
-
0.02 
2.74 
0.4 
Siliceous sand 
-
-
-
-
100 
96 
83 
73 
58 
31 
8 
1.8 
0.02 
2.69 
1.43 
Standard sand 
for mortar 
-
-
-
-
-
-
-
-
100 
60 
7 
0.05 
0 
2.65 
-
3.2.3 Chemical admixture 
Several kinds of chemical admixtures were used in this study including four types of 
superplasticizers (SPs), one water-reducing agent (WRAs) and two kinds of air entraining 
agents (AEAs). Two kinds of superplasticizers were used in this study: Polycarboxylate (PCP) 
and Polynaphthalene Sulfonate (PNS). A target slump of 190 ± 20 mm and 100 ± 20 mm for 
concrete with w/b ratios of 0.40 and 0.55, respectively, could be obtained by adjusting the 
dosage of SP or WRA. The AEA were used to secure a stable air-void system, and to obtain 
the air volume between 5-8% in fresh concrete. The technical information and recommended 
dosage of admixtures are shown in Table 3.9. 
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Figure 3 .2 - Particle-size distribution of sand and coarse aggregate 
It should be noted that various types of chemical admixtures were tested in consideration of 
many factors, for instance the dosage consumed to reach the favourable target slump or air 
content, the compatibility between chemical admixtures themselves and between the 
chemical admixtures with a cementing composite system, as well as the resultant concrete 
properties applying the various additives etc. 
Table 3 .9 - Characteristics of chemical admixtures 
Type 
a, 
c/3 
PCP 
PNS 
WRA 
A i -*r\ . 
Trade name 
Plastol 5000 
Disal 
Da 19 
Eucon 37 
Eucon MRC 
AireX-L 
Micro-Air 
Solid content 
(%) 
31 
42 
40 
40.5 
43.5 
5 
10 
Density 
1.07 
1.21 
1 
1.21 
1.266 
1.007 
1.01 
Manufacturer recommended range 
of additions (ml/100 kg of binder) 
196-978 
-
-
400 - 750 
300-1000 
15 
8 - 9 8 
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4 STANDARDS AND TEST METHODS 
4.1 Tests Used in Phase I - Characteristics of Materials 
4.1.1 Chemical analysis 
The chemical analysis provides a quantitative elemental composition of a given sample. The 
test is conducted by a model of Philips PW 2600 X-ray fluorescence spectrometer (XRF). 
This technique requires standard samples and a calibration curve by types of matrix. The 
results are present in the form of major oxides. 
4.1.2 Physical analysis 
Relative density (Specific gravity) 
The density is defined as the mass of a unit volume of the solids or particles, excluding air 
between particles. It is determined by a helium pycnometer conforming to ASTM C 188 
(2003d). The result is generally reported as grams per cubic centimetre (g/cm ). However, for 
mixture proportioning, it may be more useful to express the density as relative density (also 
called specific gravity). The relative density is a dimensionless number calculated by dividing 
the sample's density by the density of water at 4 °C (1.0 g/cm ). 
Specific surface area 
> Blaine 
The measurement of Blaine fineness is in accordance with the standard ASTM C204 (2000b). 
This test is carried out by measuring how long it takes for a certain volume of air to pass 
through a compacted sample in a cell. Then the resultant time is compared with the time used 
to cross a given sample including a known specific surface area. With the verification of 
density and porosity of these two samples, the specific surface area of the target sample can 
be determined. 
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> Brunauer-Emmett-Teller (BET) 
The BET method is a widely used method to determine the specific surface area of solid 
materials, especially of materials with distinct open porosity. The amount of an adsorbate is 
required to produce a hypothetic densely packed monomolecular layer on the surface of the 
sample. The treatment of the result uses the equation suggested by Brunauer et al. From this 
value, the magnitude of the surface may be established if the area covered by a single 
adsorbate molecule is known (Odler, 2003). Typically, nitrogen and water vapour as two 
adsorbates are almost exclusively used. 
Particle size distribution 
The particle size distribution was characterized in our laboratory by an Analysette 22 Laser 
Granulometer from the Fritsch Company. The principle concludes an intensity distribution 
measurement of coherent laser light scattered by the particles. When laser light meets a group 
population of particles, the particles are struck by diffraction rays and the mode of diffraction 
depends on the dimension of the particles. After the diffraction light is collected by the 
detector, the size distribution can be calculated by the computer. This apparatus can measure 
particle size distribution in the range of 300 urn to 0.3 um. 
4.1.3 Mineral analysis (X-ray diffraction) 
The X-ray diffraction (XRD) can qualitatively analyze the crystalline phases as well as the 
non-crystalline phase (amorphous). Semi-quantitative analysis of certain compositions is also 
possible by using this method. 
The principle of XRD is scattering monochromatic X-rays in phases and then giving a 
constructive interference. According to Bragg's law: 
nX = 2d sin 6 
Where: n is an integer called the order of reflection; 
X is the wavelength of w-rays; 
58 
Chapter 4 - Standards and Test Methods 
d is the characteristic spacing between the crystal planes of a given specimen and 
9 is the angle between the incident beam and the normal to the reflecting lattice plane. 
By measuring the angles 8, under which the constructively interfering X-ray left the crystal, 
the inter-planar spacing (d) of every single crystallographic phase can be determined. In 
order to identify an unknown substance, the powder diffraction pattern is recorded by a 
diffractometer. A list of d-values and the relative intensities of the diffraction lines was 
compiled. These data are compared with the standard available line patterns. Consequently, 
the appearance of intense peaks is convincing evidence of the existence of a crystalline 
phase. 
The apparatus used for our laboratory is a P-Analitical diffractometer with a cathode Copper 
(Cu). The test was performed in the 26 angles ranging from 5 to 65° with a count time of 0.4s. 
4.1.4 Morphology (Scanning electron microscope) 
The most frequent modes in the scanning electron microscope (SEM) generally involve the 
capture of secondary electrons (SE) or backscattered electrons (BSE), while the most 
commonly used micro-analytical techniques are based on the detection of X-rays. The 
principle of SEM'is as follows: 
When a beam of primary electrons (PE) strikes a bulk of samples, the electrons are scattered 
or absorbed, producing various signals (shown as Figure 4.1). The electron beam is formed 
by the electron gun which is successively condensed by the projecting lens and the objective 
lens to a spot about 5 - 1 0 0 nm in diameter at the specimen plane. A scan generator 
simultaneously drives the X- and Y-scan coils in the microscope column and in the cathode 
ray tube. Among the different types of responses produced, the SE and X-rays are collected 
by the photomultiplier to form an image and provide chemical compositional data. 
Specifically, the elemental analyses of samples were measured by X-rays as so called Energy 
Dispersive Spectroscopy (EDS). 
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The SEM used in our laboratory was Jeol JSM840A. The enlargement can theoretically reach 
300 000 x. 
Diffusion cloud. 
Electron 
range 
Figure 4. 1 - The principal of SEM 
4.2 Test Methods and Standards used in Phase II - Paste & Mortar 
4.2.1 Tests used in paste 
Calorimeter 
The sample is enclosed in a plastic vial which is immersed in water contained in a 
calorimetric vessel (Dewar flask) as shown in Figure 4.2. The latter is surrounded by a jacket, 
the temperature of which is forced to follow that of the water in the Dewar. Hence, no 
significant amount of heat is allowed to flow in or out of the calorimetric vessel, and the 
temperature of the latter will rise (due to the hydration reaction) in a way determined by the 
heat evolved and the total heat capacity of the calorimetric system (sample + water + Dewar 
flask). The temperature of the paste is then monitored from 9 minutes and thereafter with 5 
minutes intervals, by reading the resistance value of a thermistor probe with a Keithley 
multimeter (Model 175) interfaced to a computer (Commodore 64). The derivative of 
temperature vs. time curve, which is related to the heat flux (<D = AQ/AT), is then calculated 
by a differentiation method (Simard et al., 1993). 
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1. Suspension de ciment (125 g) 
2. Thenmistance 
3. Bouteille de polyetfiylene 
4. Dewar contenant lOOg d'eau 
5. Enceinte thermoregule dont t = T (ciment) 
Figure 4. 2 - Scheme of adiabatic calorimeter (Nkinamubanzi, 1993) 
Normal consistency and setting time 
The normal consistency of paste is determined according to the standard ASTM CI87-98 
(1998b). The paste is prepared with a binder content of 650 g. When the rod settles to a point 
10 ± 1 mm below the original surface in 30s after being released (Figure 4.3, (a)), the current 
used water content will be considered to produce a paste with a normal consistency. 
According to ASTM CI91-04a (2004g), the setting time of paste is obtained by Vicat 
apparatus (Figure 4.3, (b)). The penetration of the 1 mm needle is tested after 30 minutes of 
water contacting the cement and thereafter every 15 minutes until the needle is allowed to 
settle for 30 s. The elapsed time from the moment water is added until the Vicat needle has a 
penetration of 25 mm is considered the initial setting time. On the other hand, the time 
between the start point and the zero penetration is seen as the final setting time. 
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(a) (b) 
Figure 4 . 3 - Normal consistency test using the Vicat plunger (a) and setting time determined 
by the Vicat needle (b) 
Mini-slump 
Kantro (Kantro, 1980) developed the mini-slump cone test. The paste was mixed in a blender 
at a high shear for three minutes, and then placed in a small cone secured to the base of a 
Plexiglas plate (Figure 4.4). Once the cone is filled, it is lifted. The spread displacement of 
the paste is then measured at 10, 30, 40, 60, 90, and 120 minutes after the binder contacts 
water. 
Marsh cone 
This test is performed by a funnel with a long neck and an opening of about 5 mm (Figure 
4.5). This test is not a standard test. A Marsh cone is attached to a stand so that the small 
orifice is pointing down and a graduated flask is placed under the cone. Closing the small 
orifice with a finger, 1L of paste is poured into the cone. The orifice is then opened and a stop 
watch is started. The time for a certain amount of paste to flow is recorded. The volumes 
selected are 300, 500, and 700ml. The research conducted by Khayat et al. (Khayat and Yahia, 
1997) showed that a nonlinear flow was present for amounts higher than 700ml, thus the flow 
time of 700ml was chosen in this study. 
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General view 
Top view 
4.2 mm 6.4 [<)n 
. 2.2 inro f 
6.4 miH^r 38.1 mm J j y 
Side view 
(a) (b) 
Figure 4 . 4 - Mini cone (a) and mini-slump measurement (b) 
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Figure 4. 5 - Example of marsh cone 
4.2.2 Mortar cubes and pozzolana activity 
According to ASTM C 305 (1999a), the mortars are prepared in the Hobart mixer following 
the sequence as shown in schema Figure 4.6: 
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0 0:30 1:00 1:30 3:00 4:00 (min) 
Water + sand 
or Water + S.P. +sand Binder 
Velocity "level one"' 
Mixing Break 2nd Mixing 
Velocity "level two" 
Figure 4. 6 - Mortar mixing sequence 
As long as the mortar is made, the flow will be measured according to the specification 
ASTM C 1437 (2001b). The mortar is placed in a small brass mould centered on the table. 
After the mould is removed and the table undergoes a succession of drops, the diameter of the 
pat is measured to determine consistency (Figure 4.7, (a)). Afterwards, the cubes are formed 
in 50 x 50 x 50 mm brass moulds (Figure 4.7, (b)). After 24 hours, the cubes are demolded. 
Three of them will be crushed to test the compressive strength, and the other samples will be 
stored in saturated limewater at a room temperature of 23°C until the testing date for 
compressive strength (7, 28, 56 and 91 days). 
In addition, the strength activity index (SAI) is determined by the relative strength between 
the WSA mortars and the control cube at the same period (ASTM C 311, 2004f): 
SAI = (Strength of mortar containing tested material) / (Strength of the control mortar) x 100 
(a) (b) 
Figure 4. 7 - Consistency of mortar (a), casting the mortar cubes and crushing (b) 
64 
Chapter 4 - Standards and Test Methods 
4.3 Test Methods and Standards used in Phase III - Concrete Characterization 
4.3.1 Fresh concrete 
The fabrication of concrete 
All the concrete mixtures were prepared in a laboratory mixer with vertical rotation axis by 
forced mixing as so-called Little/Big Monarch according to its volume. The mixing sequence 
consists of wetting the sand and coarse aggregate with half of the mixing water before 
introducing the AEA. Once the mixture is homogenous, the binder is immediately added. 
Subsequently, the aggregate particles are coated by a layer of cement and other binder 
materials. The rest of the water, diluted by superplasticizer, is introduced over 30 seconds. 
The concrete is then mixed for 2.5 minutes followed by a 2-minute break. Afterwards, the 
mixture is continuously remixed for 3 minutes. All the steps are indicated in Figure 4.8. The 
fresh properties are measured subsequently at the periods of 10 and 30 minutes counting from 
the point of cement and water contacting. During that period, the concrete rested in the drum 
mixer which is covered with a wet towel to prevent water evaporation. After the last 
measurement, the concrete is cast following different requirements if the fresh concrete is 
acceptable. 
1:00 1:35 2:00 2:30 5:00 7:00 10:00 (min) 
Sand and 
coarse 
aggiegate 
Vi Water 
+ AEA Binder 
Vt Water 
+ S.P. Mixing Break 2
nd
 Mixing 
1:00 0:35 
< >. 
0:25 
< =• 
0:30 
< > 
2:30 
< > 
2:00 
< > 
3:00 
< > 
Figure 4. 8 - Concrete mixing sequence 
Slump 
The measurement of concrete slump is performed according to ASTM C 143 (2003f). The 
apparatus consists of a metal cone which forms the lateral surface of the frustum with the 
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base 200 mm in diameter, the top 100 mm in diameter, and the height of 300 mm. A round 
straight steel bar is used as a tamping rod about 600 mm in length. While filling the cone with 
samples, it should remove the cone immediately in a vertical direction. Then the slump is 
determined by the vertical difference between the top of cone and the displaced original 
centre of the top surface of the specimen (Figure 4.9). 
Figure 4. 9 - Slump test for consistency of concrete. Figure A illustrates a lower slump, 
Figure B a higher slump (Kosmafka et al., 2002) 
Unit weight and air content 
The unit weight is measured by the gravimetric method (ASTM C 138 (2001a)). A container 
of about 7 L for filling of samples and a weigh scale sensitive to 0.5 kg are required. The 
density is expressed in kilograms per cubic meter (Figure 4.10, (a)). 
The entraining air content in fresh concrete is then measured following the standard ASTM 
C231 (2004a). This method is based on Boyle's law, which relates pressure to volume. Air 
content is calibrated to read directly when a predetermined pressure is applied to compress 
the air within the concrete sample (Figure 4.10, (bj). 
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Figure 4. 10 - The measurement of concrete density (a) and pressure-type meter for 
determining air content (b) (Kosmatka et al., 2002) 
Time of setting 
The ASTM C403 (1999b) is used to determine the setting time of concrete by the penetration 
resistance (Figure 4.11) made at regular time intervals on mortar sieved from the concrete 
mixture by passing a 5-mm sieve. The initial and final time of setting are determined as the 
time when the penetration resistance equals 3.4MPa (500 psi) and 27.6MPa (4000 psi), 
respectively. 
o 
. 1 • 1 
Figure 4. 11 - Setting time equipment (Kosmatka et al., 2002) 
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Heat release (Heat of hydration) 
In the laboratory, the hydration heat of concrete is measured by a 150 x 300 mm cylinder that 
is inserted at the centre of a styrofoam box measuring 1 x 1 x 1 m (Figure 4.12). Two 
thermo-couples are installed inside the concrete cylinders and should be fixed in the centre, to 
determine the temperature rise under the semi-adiabatic condition. 
Figure 4. 12 - Styrofoam box for measuring hydration heat (Laldji and Tagnit-Hamou, 2006) 
4.3.2 Mechanical properties 
Compressive strength 
Strength tests should be made and cured in accordance with test methods of ASTM C39 
(2003c) and ASTM CI92 (2002a). Cylinders of 100 x 200 mm are prepared. The specimens 
are demolded after 24 h and stored in a moisture curing room under the conditions of a 
relative humidity of 95% and a temperature of 23 ± 2 °C. The compressive strength is then 
determined at 1, 7, 28, 56, 91 days and 1 year after casting. Each time, two or three cylinders 
are measured and the strength is obtained by the average value. 
Specimens are capped with a high-strength capping device (Figure 4.13, (a)) before loading 
with the hydraulic pressure machine of Titinus Olsen Testing (maximum capacity of 400,000 
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lbs) (Figure 4.13, (b)). It would be noted that a ratio of loading is 5000 lbs/10 sec and the 
specimens should be kept in a moist condition during the test periods. 
(a) (b) 
Figure 4. 13 - The capping machine (a) and the hydraulic pressure machine forf'c (b) 
Flexure strength 
A prismatic beam of 100 * 100 x 400 mm is cast according to ASTM C78 (2002c). The 
specimen is loaded at the third points along the span and resulted in the maximum bending 
moment in the middle of the specimen (Figure 4.14). If the fracture occurred within the 
central one-third of the beam, the result is calculated as follows: 
R = PL/(bd2) 
Where R = modulus of rupture, MPa, 
P = maximum applied load indicated by the testing machine, N, 
L = span length, mm, 
b = average width of specimen, mm, at the fracture, and 
d = average depth of specimen, mm, at the fracture. 
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J / 
Figure 4. 14 - Flexural strength of concrete prism 
Splitting tensile strength 
As shown in Figure 4.15, a cylinder of 100 x 200 mm is prepared according to ASTM C496 
(2004d). The sample is placed with its axis horizontal between the platens of a testing 
machine, and the load is increased until failure takes place by indirect tension in the form of 
splitting along the vertical diameter. The loading machine produces a splitting tensile stress 
rate between 100 and 200 psi/min (690 and 1380 kPa/min). The splitting tensile strength is 
obtained by the following equation: 
IP 
fsp
 n LD 
Where fsp = splitting tensile strength, MPa, 
P = maximum load during test, N, 
D = cylinder diameter, mm, 
L = cylinder length, mm. 
°1 
V 
i t * — 
7 i.*, 
— .. . • i 
Figure 4. 15 - Splittin tensile strength 
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Module of elasticity 
The ASTM C469 (2002d) determines the static elastic modulus in compression measured 
with a cylinder of 100 x 200mm (Figure .4.16). It is stipulated that a chord modulus between 
two points on the stress strain curve is defined as follows: the lower point corresponds to a 
strain of 50 millionths (50 (J.s) and the upper point corresponds to a stress equal to 40% of the 
strength of concrete at the time of loading. Thus, the determined modulus is approximate to 
the average modulus of elasticity in compression throughout the working stress range: 
T? _ °"40% ~ ^iOfie 
£ - 5 0 
c 4 0 % J U / i £ 
Where E = chord modulus of elasticity, MPa, 
a - stress, MPa, 
e = strain. 
/ 
;
 t_, _ % ^ 
Figure 4. 16 - Test of module of elasticity 
4.3.3 Volume changes of concrete 
Drying shrinkage 
According to ASTM CI57 (2004b), a digital-type extensometer is used to determine the 
drying shrinkage (Figure 4.17). Prismatic concrete samples with the dimension of 75 x 75 x 
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285 mm are immersed in water for 28 days after casting. The specimens are then air-cured in 
a temperature and humidity-controlled room at 23 ± 1 °C and 50 ± 3 % of relative humidity 
for 64 weeks. 
* \ 
\ 
;
 - ''"--J. -*&£$£& 
Figure 4. 17 - The digital extensometer for measuring length change 
Autogenous shrinkage 
This test is monitored using an embedded vibrating wire strain gage until the gage stabilizes. 
After the initial setting of the specimens, the deformation and thermal variation of the 
specimens can be monitored by the vibrating gage, from which a data acquisition system 
automatically registers the results of shrinkage (Figure 4.18). Moreover, this test is measured 
on prisms of 100 x 100 x 400 mm. The prisms are sealed immediately after removal from the 
moulds at 24 hours and kept in a condition of 23 ± 2 °C until the end of testing. The results 
are obtained by subtracting the total shrinkage from the thermal deformation. In order to 
apply the temperature correction to the strain gage readings, a linear thermal expansion 
coefficient (11.5 um/m/°C) is used. On the other hand, the coefficient of thermal expansion is 
determined by the slope of total deformation vs. temperature curve. The resulting 
deformations are estimated to be the coefficient of the thermal expansion-contraction of the 
concrete. 
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Figure 4. 18 - The vibrating wire strain gage is placed in the centre of the mould (A) and the 
moulds (B) connected to CR10 which automatically collects the data 
4.3.3 Durability properties 
Rapid chloride-ion penetration 
The rapid chloride-ion permeability (RCP) test (i.e. Coulomb or electrical resistance test) is 
carried out in compliance with ASTM CI202 (1997). This test is often specified for concrete 
bridges and parking garage decks. It uses samples measuring 50 mm in length and 95 mm in 
diameter obtained from 100 x 200 mm cylinders. The samples are subjected to a 60 Volt 
direct current (DC) potentially over 6 hours, while a sodium chloride solution is applied to 
one side of the slice, and a sodium hydroxide solution is applied to the other side. The total 
charge passed is then recorded and used to estimate the chloride permeability of the concrete 
according to the criteria shown in Table 4.1. However, this test measured the movement of all 
ions presented in the pore solution of the sample, not just chloride ions. 
Air void analysis of hardened concrete 
Concrete exposed to repetitive cycles of freezing and thawing should contain small, 
well-distributed, and closely-spaced air bubbles. In order to determine the air-void system in 
hardened concrete, the 100 x 200 mm cylinder is cast. The cylinders are demolded after 24 
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hours and moist-cured at 100 % relative humidity and a temperature of 23 ± 1 °C for 28 days. 
Then the cylinders are sawed-cut to provide sections measuring 100 x 200 x 25 mm. Each 
plate is polished and examined by means of a microscope using a modified point-count 
method prescribed in ASTM C457-90 (1998a) to determine the air-void characteristics. 
Table 4. 1 - RCP rating (ASTM C1202, (1997)) 
Charge passed (Coulomb) 
>4000 
2000 - 4000 
1000-2000 
100- 1000 
< 100 
Rapid chloride-ion permeability 
High 
Moderate 
Low 
Very low 
Negligible 
Freezing and thawing resistance 
According to ASTM C666 (2003e), the frost resistance of concrete is generally determined by 
the specimens (75 x 75 x 350 mm) prepared in the laboratory over a number of cycles of 
freezing and thawing in water (Procedure A) (Figure 4. 19), with the temperature varying 
from 4 °C to - 18 °C. The prisms are demolded after 24 h and moist-cured for 14 days before 
the cycles start. In order to obtain results in a relatively short period, the specimens are 
generally subjected to five or more cycles per day, since, as indicated in ASTM C666, the 
number of cycles is often fixed at 300, or until the relative dynamic modulus of elasticity 
reaches 60% of the initial modulus. To evaluate the degree of internal cracking as well as the 
damage due to frost action, two most common procedures are measuring length change and 
dynamic modulus of elasticity. A length change which is more than 200 um/m (approximately) 
or a loss of modulus of elasticity normally indicates that the internal structure of the concrete 
has been significantly damaged by micro-cracking (Newman and Choo, 2003a). 
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Figure 4. 19 - Temperature controlled tank 
De-icing salt scaling 
A slab of 250 * 200 x 75 mm is cast to evaluate resistance to scaling (BNQ 2621-900 
(1994a)). After demolding, the slabs are moist-cured for 14 days, then exposed to air-curing 
conditions in a room with 50 ± 4 % of relative humidity and a temperature of 23 ± 2 °C for 
another 14 days before testing. After the 28 days, the top finished surface of the slab is 
covered for 7 days with a layer of 5 ± 2 mm water solution diluted with 3% sodium chloride. 
Subsequently, the specimens are subjected to 56 freezing and thawing cycles. In addition to 
the visual observation of surface scaling (Table 4.2), the mass of dried scaling residues are 
measured to a precision of ± 1 g to determine the cumulative mass loss at 7, 21, 35 and 56 
cycles. 
Table 4. 2 - The visual observation criterion of scaling (BNQ 2621-900,1994a) 
Rating 
0 
1-A 
1-B 
2-A 
2-B 
3 
4 
Condition of surface 
No significant scaling observed 
Very slight scaling of mortar on the surface (without the craters) 
Substantial scaling of mortar on the surface (without the craters) 
No significant scaling of mortar on the surface (with a few craters) 
No significant scaling of mortar on the surface (with lots of craters) 
Severely scaling of mortar over entire surface with coarse aggregate torn 
Gravely coarse aggregate torn with scaling of mortar on the surface 
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Alkali-silica reaction - mortar bars 
This accelerated test is conducted by determining the change in length of the mortar bars 
conforming to the standard CSA A23.2-25A (2000b), The mortar bars (25 x 25 x 285mm) are 
prepared with reactive aggregate (Spratt) in different sizes (crushed and graded in accordance 
with CSA A23.2-25A). Mortar bars are subsequently stored in a 4% NaOH solution and kept 
in the oven at a temperature of 80 ± 2 °C. Then the lengths of the bars are measured at least 
three times during 14 days after being immersed in the NaOH solution, at approximately the 
same moment each time. The standard also specifies if the expansion is less than 0.10% at 14 
days. The tested mineral materials may resist deterioration due to ASR. 
Alkali-silica reaction - concrete prism 
According to the Canadian Standards Association CSA A23.1-94 Appendix B, another proper 
method (CSA A23.2-14A, 2000a (similar to ASTM C 1293)) is used to assess the efficiency 
of pozzolans in reducing expansion due to ASR by concrete prism. A reactive siliceous 
limestone (Spratt) is used as the coarse aggregate together with a non-deleteriously reactive 
natural sand in all the mixes. The concrete is prepared with the binder content of 420 kg/m 
and w/b as 0.45. In addition, the alkali content is increased to 1.25% Na20eq. of the mass of 
cement by adding extra NaOH to the mixing water. Three concrete prisms (75 x 75 x 275mm) 
are cast for each mixture, cured and stored in a moist environment in a sealed container at 38 
± 2 °C (Figure 4.20). Current experience suggests that a 2-year testing period is sufficient 
with an expansion limit criterion of 0.04%. 
Sulphate attack - mortar bars 
ASTM C 1012 (2004c) indicates the method of evaluation for the failure of mortar bars due 
to sulfate attack: measuring the expansion of well-hydrated mortar bars which are immersed 
in sulfate solution. The mortar is prepared with w/b of 0.485 and a sand/binder ratio of 2.75 
conforming to ASTM C305 (1999a). For each mixture, 3 bars (25 x 25 x 285mm) are made 
for the sulfate expansion test, and 6 mortar cubes (50 x 50 x 50 mm) are cast to monitor the 
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development of compressive strength. All the specimens are covered with plastic plates and 
kept watertight and placed in a tank for water-curing at 35 ± 3 °C for the first 24 hours. Then 
the specimens (bars and cubes) are demolded and stored in saturated limewater at 23 ± 2 °C 
until all of them reach a compressive strength of 20 MPa. Afterwards, mortar bars are 
immersed in a 5% Na2SC>4 solution to start the sulfate attack. Before placing the bars in the 
sulfate solutions, the initial lengths of the bars are measured by a high-accuracy digital length 
comparator. The test is monitored at 1, 2, 3, 4, 8, 13, and 15 weeks after the bars come into 
contact with the sulfate solution. If slight, gradual, and uniform length change is found, the 
next measurements are made at 4, 6, 9, 12, 15 and 18 months. Failure is taken at the point at 
which the Specimens lose their structural integrity (disintegrate). 
Figure 4. 20 - The ASR specimens kept in an oven at 38 °C (a) and the measurement of 
changes of length of prisms due to ASR (b) 
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5 ANALYSIS, DISCUSSION AND COMPARISON OF LABORATORY 
TEST RESULTS 
5.1 Characteristics of WSA 
It should be noted that two batches of WSA were used in this study: WSA produced in 2007 
(WSA07) and WSA produced in 2008 (WSA08). Apart from the special explanation, all the 
tests were carried out with the WSA 07sample. 
5.1.1 Chemical composition 
The most abundant oxides are Si02, A1203, CaO, Fe203, MgO, S03, Na20, K20, MnO, and 
Ti02, all of which are mainly derived from burning of de-inking sludge, wood chips, etc. 
Currently, there are no ASTM specifications to determine the suitability of WSA for use as a 
construction material. Nevertheless, the authors used ASTM C 618 (2003a), which was 
developed for volcanic ash and coal fly ash use in concrete, to determine the general 
suitability of WSA as a potential mineral admixture in cement-based materials. As shown in 
Table 5.1, the most predominant constituent of two WSA samples were calcium oxide, which 
was as high as 39.77% and 45.12%. The amount of calcium oxide was higher than classical 
coal-produced Class C fly ash, in which the CaO contents varied from approximately 23 to 
28% (Tishmack et al., 1999). The silicon oxide and aluminum oxide were also dominant 
constituents of WSA. The overall ratio of silicon oxide, aluminum oxide, and iron oxide in 
two WSA were 46.32% and 40.61%, which was lower than the demand (> 70%) of Class F 
fly ash (ASTM C 618). Furthermore, the sum of silicon and aluminum oxides, which 
composed the reactive part of pozzolanic materials, was lower than the other classical mineral 
admixtures. 
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Table 5 . 1 - Chemical composition of several ashes 
Constituent WSA batch of 07 
WSA 
batch of 08 
ASTMC618 
Class C Class F 
Physical properties 
Specific gravity 
Blaine specific 
surface area, m2/kg 
BET, m2/g 
2.63 
809-844 
3.0.9 
2.67 •• 
1195 
3.71 
-
-
-
-
-
-
Chemical composition, % 
Si02 
A1203 
Fe203 
Si02+Al203+Fe203 
CaO 
MgO 
S03 
K20 
Na20 
Na20 eq a) 
LOl 
27.82 
16.55 
1.95 
46.32 
39.77 
2.26 
1.92 
1.05 
0.74 
1.43 
5.12 
24.87 
14.08 
1.66 
40.61 
45.12 
1.88 
1.86 
0.77 
0.72 
1,23 
6.44 
-
-
-
> 50% 
> 20% 
< 5 % 
<5% 
-
-
<1.5% 
<6% 
-
-
-
> 70% 
-
<5% 
<5% 
-
-
<1.5% 
< 6% h> 
Na20 equivalent = 0.658 K20 + Na20 
The use of class F fly ash containing up to 12% loss on ignition may be approved by 
the users if acceptable performance results are available. 
However, the oxide content with respect to silicon, aluminum and calcium in the WSA was 
much similar to those reported in the literature related to wastepaper sludge ash as shown in 
Table 5.2 (Bai et al., 2003; Hauser et al., 1999; Kinuthia et al., 2001; Kinuthia et al., 2005). 
The chemical composition of ashes depended much more on the fuel sources. Also, as the 
acceptable limitation determined by the standard CSA A 3003, the LOI value was 6% for 
Class C fly ash and 8% for Class F fly ash (see Table 2.4). However, the relatively higher LOI 
(near the limit) in WSA may predict that using WSA in concrete will have more requirements 
for the air-entraining agent. As mentioned before, it was proved that higher calcium fly ash 
generally exhibits greater hydratable behaviour and makes a greater contribution to early 
strength than that obtained from the lower calcium-fly ash (Lamond and Pielert, 2006). In this 
study, the gain of early-age strength (details shown in Section 5.2.5) may be related to the 
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comparatively higher CaO content in the WSA. The comparison of cement, SCMs and WSA 
in three phases diagram (CaO - AI2O3 - SiCh) is shown in Figure 5.1. 
Table 5 .2- Comparison of the chemical and physical composition of WSA in this study with 
other similar ash found in literature 
Oxide WSA 07 
WSA 
08 
(Hauser et 
ai, 1999) 
(Bai et ai, 
2003) 
(Kinuthia et 
ai, 2001) 
(Kinuthia and 
Gailius, 2005) 
Physical properties 
Specific gravity 
Blaine specific 
surface area, m /kg 
2.63 
809-844 
2.67 
1195 
-
830 
2.52 
409.1 
-
125.9°; 
2.52 
350 
Chemical composition, % 
Si02 
A1203 
Fe203 
CaO 
MgO 
S03 
K20 
Na20 
MnO 
CI 
P 2 O 5 
Ti02 
SrO 
LOT 
27.82 
16.55 
1.95 
39.77 
2.26 
1.92 
1.05 
0.74 
0.13 
0.51 
1.07 
1.02 
0.05 
5.12 
24.87 
14.08 
1.66 
45.12 
1.88 
1.86 
0.77 
0.72 
0.11 
0.43 
0.97 
0.94 
0.12 
6.44 
14.51 
9.3 
0.75 
56.67 
2.41 
6.3 
0.68 
0.44 
0.22 
0.48 
1.26 
0.13 
-
-
25.7 
18.86 
0.87 
43.51 
5.15 
1.05 
1.31 
1.56 
0.04 
-
0.52 
0.68 
0.09 
1.2 
24.17 
18.39 
1.77 
42.71 
5.04 
1.08 
-
-
-
-
-
-
-
-
34 
18.39 
1.77 
37 
5.04 
1.05 
-
-
-
- ' 
-
-
-
-
The coarseness is attributed to the fact that the much coarser bottom ash from the fluidised bed system is 
mixed with the fine ash extracted from the flue gases before entering the storage silo (Kinuthia et al., 2001). 
The WSA08 sample included a higher CaO, LOI composition, and lower Si02 content 
compared to that of the WSA07 sample. We should always pay attention to the relevance 
between the chemical compositions of ash and its performance when it used as cementing 
composite to clearly understand the role of ash in properties of paste, mortar as well as in 
concrete. 
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AljOj ^ 
Figure 5 . 1 - Ternary system of cement and various SMCs containing WSA 
5.1.2 Physical properties 
The principal physical properties of WSA are presented in Table 5.1. The specific gravity of 
two batches of WSA were 2.63 and 2.67, which were similar to that of coal-produced fly ash 
(1.9 ~ 2.96 (Carette and Malhotra, 1987)). 
- According to the study which evaluated eleven Canadian fly ashes (Carette and Malhotra, 
1987), the Blaine values of typical fly ashes were between 127 and 581 m2/kg. However, the 
specific surface Blaine of WSA was in the range of 809 ~ 1195 m2/kg, which was much finer 
than other traditional fly ashes. Moreover, the specific surface of fly ash is not easy to 
determine, because in this air permeability test, the spherical particles pack more closely than 
the irregularly shaped particles, so that the resistance of fly ash to air flow is greater. On the 
other hand, the porous carbon particles present in ash allow the air to flow through them, 
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leading to a misleadingly high air flow. All these reasons may cause the variability in test 
results (Neville, 1996). Consequently, another measurement (the so-called BET nitrogen 
adsorption technique) to detect the specific surface area is applied. Generally, the specific 
surface value measured by the BET technique is higher than the value obtained by the Blaine 
technique. This large difference is due to the fact that the BET technique measures the totality 
of voids in the surface of particles (Malhotra and Ramezanianpour, 1994). The BET results 
show that WSA particles are about three times finer than PC particles (compared with cement 
shown in Table 3.7). In addition, the WSA08 was finer than the WSA07. It should be noted 
that the finer particles of WSA will accelerate the hydration reaction than other coarser 
mineral admixtures. 
Figure 5.2 (a) and (b) show the particle size distribution of two batches of WSA. The average 
particle size (D5o) of two ashes was about 15 urn and 19 um based on the plot, in which, less 
than 3% of the particles were smaller than 1 urn. It is presumed that the majority of the 
particles were within an area less than 1 urn, thus the distribution of WSA particles was 
difficult to be precisely described by this method. 
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Figure 5 .2- Particle size distribution of two batches of WSA: (a) cumulative sieve; 
(b) relative sieve 
Once again, the physical characteristics of fly ash vary over a large range. This variation is 
due to the difference of raw feeds, burning conditions, collection methods etc. 
5.1.3 Mineralogy 
Mineralogy is one of the important characters for understanding the coalescence status of 
elements in fly ash. 
The XRD analysis of the WSA (see Figure 5.3) shows that other than the amorphous phase, 
the crystalline phases presented in the WSA were quicklime, calcite, gypsum, anhydrite, 
quartz, tricalcium aluminate, and some evidence of portlandite. The relative intensities of the 
various diffraction peaks suggested that, of the crystalline phases in this ash, quicklime, 
gypsum and quartz were the major phases. In addition, it is thought that metakaolin is 
commonly present in WSA (Pera et al., 2001). However, due to its amorphous nature, the 
metakaolin was not detected by XRD analysis. It is anticipated that this WSA might contain 
certain self-cementing (hydratable) properties due to the higher calcium content compared to 
typical Class C fly ash. 
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Figure 5 . 3 - XRD pattern s of WSA sample (WSA 07) 
5.1.4 Morphology 
Morphology is of interest as it relates to the influences of the shape and size of the particles 
(or conglomerates) upon workability and particle packing efficiency of the fly ashes ((Li et al., 
2006). The WSA (batch of 2007) powder was found to have a variety of particle shapes. 
Figure 5.4 (a), (b) and (c) show some selected SEM photomicrographs of typical individual 
WSA particles. The dominant particles of the WSA samples comprised mainly agglomerate, 
spherical, hollow arid irregular particles. For instance, typical particle features is illustrated in 
Figure 5.4 (a): monolithic irregular particle with drossy surface precipitates. Smooth, 
spherical, and uniform particles were not observed easily. A few spheroid particles with 
various smooth or drossy surfaces could be detected occasionally (Figure 5.4 (b)), and the 
hollow spherical particles contained enormous smaller globular particles, are shown in Figure 
5.4 (c). It should be noted that the irregular particles have a porous structure, which may 
relate to the method of incineration in fluidized bed combustion, leading to a higher water 
demand when hydrated (Cyr et al., 2007). Some authors (Li et al., 2006) also indicated that 
the absence of glazed spherical glass particles as well as the presence of numerous irregular 
particles revealed that the temperature of the CFBC boiler was not high enough to melt the 
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crystals in the ashes to form uniform, regular, and spherical glass particles. In addition, the 
carbon particles in the WSA also were detected as shown in Figure 5.4 (d). 
Correspondingly, chemical elements analyses were performed on the point where the cross 
pointed as shown in Figure 5.4 (ai), (bj), (cj) and (di). Several key elements such as calcium, 
silicium and aluminum can be detected by energy dispersive spectroscopy (EDS). 
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Figure 5.4- Selected SEM photomicrographs of some typical WSA individual particles (a), 
(b), (c) and the carbon particles (d). The crosses on figures (a), (b), (c) and (d) show the 
places where EDS spectrum (ai), (bi) (ci) and (dj) were performed 
5.2 Effect of WSA in Paste and Mortar 
As mentioned in Chapter 3, the properties of pastes incorporating WSA were analyzed by the 
calorimeter, setting time, mini-slump and marsh cone. 
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5.2.1 Calorimeter 
The kinetics and mechanism of hydration in cementitious systems with different admixtures 
can be investigated by use of the calorimeter. In this study three mixtures were prepared. The 
detailed composition is shown in Table 5.3. 
Table 5 . 3 - Composition of pastes for calorimeter measurement (w/b = 0.4) 
Control 
20%WSA 
40%WSA 
Composition (g) 
GUPC 
200 
160 
120 
WSA 
0 
40 
80 
Plastol (% of 
the binder) 
0.1798 
0.186 
0.248 
Flow(cm) 
@10 min 
12.6 
12.7 
12.4 
The temperature vs. time plot (integral heat evolution), and their derivatives (heat flux), are 
illustrated in Figure 5.5 (a) and (b), respectively. As seen in Figure 5.5 (a), the mixtures 
containing WSA revealed higher reactivity at early ages than that of the control. Both the 
control and the 20% WSA paste mixtures appeared to have a lag period in which the heat 
release trend (temperature rising) increased slightly during the first 5 hours. Suddenly, the 
slopes of those two curves increased sharply between 5 to 10 hours, and then the curves 
tended to be smooth. However, the temperature variation of the 40% WSA mixture kept a 
continuously increasing trend without the lag period, similar to the control or the 20% WSA. 
Hence, it is noted that WSA may accelerate the hydration process at the early age. Also, the 
pastes using WSA had a higher original temperature than that of the control under similar 
experimental conditions. After about 20 hours, the temperature of the three pastes stabilized 
at similar levels. In other words, the WSA mixtures had a shorter interval of varying 
temperature compared to the control. 
Generally, the rate of heat evolution (heat flux) vs. time plot appears to be the occurrence of 
two peaks with a so-called dormant period between them. The length of this dormant period 
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and the height of the peaks depend on the activity of cementitious material and reflect the 
accelerating or retarding effect of solid admixtures or additives present in the mixtures. 
Sometimes an additional third effect can be observed (Nocun-Wczelik, 2001). From the flux 
variation (Figure 5.5 (b)), a lag period existed in both the control and the 20% WSA pastes. 
The appearance of peaks was accelerated with increasing WSA content. Meanwhile, the 
intensity of the peaks increased as well. The reason may be attributed to the relatively higher 
CaO content in the WSA. Some researchers (Ghafoori, 1998) have reported that the higher 
calcium oxide (mostly in free form) influences the ash hydration process. When water is 
added, the free lime (CaO) will react to form a hydrated lime known as calcium hydroxide 
(Ca[OH]2). The hydration of lime is exothermic, and irreversible under atmospheric 
conditions or normal weathering temperatures, while generating substantial amounts of 
hydration heat. 
5.2.2 Normal consistency and setting time 
The water demand for normal consistency and setting time of the mixtures are illustrated in 
Figure 5.6 (a) and (b). As shown in Figure 5.6 (a), the incorporation of WSA dramatically 
increased the water demand for normal consistency. The requirement water content of the 
40% WSA was higher than the control paste by 29%. 
The increasing WSA in mixtures delayed both the initial and final setting times compared to 
that of the control. From Figure 5.6 (b), the effect of WSA on setting times appeared more 
significant with increasing the replacement level. Specifically, the initial and final setting 
time of the 40% WSA paste were 141 and 196 minutes compared to 191 and 238 minutes for 
the control mixtures, respectively. This might be due to three factors. Firstly, the extremely 
higher degree of fineness may accelerate the hydration reaction due to the higher specific 
surface area of the particles. These fine particles may enhance the absorption of free water 
which results in increasing the concentration of WSA particles in the system. Therefore, the 
time needed to set was accelerated. Secondly, the concentration of gypsum (contained in the 
PC) in the system became lower by increasing the WSA replacement. Consequently, rapid 
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times of setting may occur. Thirdly, the comparatively higher content of CaO and AI2O3 in 
WSA may further influence the hydration process. 
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Figure 5. 5 - Temperature evolution with time (a) and thermal flux (b) from calorimeter 
measurement 
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Figure 5 .6- Effect of WSA fly ash-PC pastes on standard consistence (a) and setting time (b) 
5.2.3 Mini slump 
Five mixtures (as shown in Table 5.4) were performed to evaluate the rheology of pastes. The 
deformability of pastes containing WSA was evaluated through the measurement of the flow 
of the mini slump. The flow evolution of the different mixtures is presented in Figure 5.7. As 
seen in the graph, the fluidity of pastes diminished with increasing the WSA content and with 
increasing the time. It should be noted that the flow of the 40% WSA paste cannot be 
measured after two hours due to its rapid setting. The WSA paste revealed loss of fluidity 
faster than that of the control. This may be attributed to the great fineness of the WSA ash. 
Indeed, the finer the ash particles replacing the coarse particles of cement, the more water 
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content was needed. Also, more rapid loss of workability for the WSA paste was observed. 
Consequently, it is emphasized that WSA requires a higher water content or an extra WRA/SP 
added for a given workability, especially when using WSA at a high dosage (such as 40%). 
Table 5 .4- Composition of mixtures designed for mini-slump test (w/b = 0.485) 
Control 
10%WSA 
20%WSA 
30% WSA 
40%WSA 
Cement (g) 
200 
180 
160 
140 
120 
WSA (g) 
0 
20 
40 
60 
80 
(cm
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Figure 5. 7 - The evolution of mini-slump flow with time 
5.2.4 Marsh cone 
The Marsh cone test is an effective method to select the chemical admixtures and to evaluate 
the compatibility between various ingredients. Two different kinds of superplasticizers: Disal 
and Plastol 500 based on PNS and PCP, respectively, were evaluated. The w/b used was 0.35 
and the binder content varied in accordance with the dosage of SP. The flow time at 700 ml 
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was measured with different dosages expressed as a dry extract in percentage of the solids 
contained in the SP. The measurements were performed at 5 minutes and 60 minutes for each 
mixture. 
Firstly, two kinds of SPs were used with same binder type - 20% WSA and 80% PC. As 
shown in Figure 5.8 (a), the curves of each group which are composed of two lines involving 
different slopes represent the time to flow at 700 ml with variation of SP dosage. The 
intersection of these two lines is called the "saturation point" (Ai'tcin, 1998). Any increase 
beyond this point has no effect on the rheology of the paste. Both groups using Disal or 
Plastol didn't reveal good compatibility between the cement-composite system and the 
superplasticizers. Comparably, the curves with respect to the Plastol group seemed much 
closer between 5 and 60 minutes measurements than those of the Disal group. Furthermore, 
the dosage of saturation point of the Plastol group was much lower than the saturation point 
of the Disal group which indicated the former was more efficient. Therefore, the combination 
of the Plastol-WS A-PC combination revealed better compatibility compared to that of the 
Disal-WSA-PC. 
Secondly, the pastes were applied with Plastol as SP and the variation of the WSA content. As 
shown in Figure 5.8 (b), the control appeared to have the best compatibility with increasing 
time (from 5 to 60 minutes). The saturation points increased with adding WSA. Specifically, 
the saturated points were about 0.5%, 0.6% and 0.8% for the control, 20% WSA and 30% 
WSA pastes, respectively. Thus, the requirement of SP to attain certain workability will 
increase with the WSA content used. This conclusion also conforms to the result of higher 
water demand for WSA, as discussed before. 
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Figure 5 . 8 - The optimization of SPs by marsh cone: (a) comparison of Disal vs. Plastol on 
20% WS A paste, (b) comparison of the compatibility of pastes with Plastol containing 
different WSA content 
5.2.5 Reactivity of WSA 
Binary system - group I 
In this group, five mixtures were prepared: the control with 100% of PC and four other 
mortars with cement replaced by WSA up to 40%. The composition and fresh mortar 
properties are shown in Table 5.5: 
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Table 5 .5 - Composition and fresh properties of binary mortars - Group I 
Identification 
Control 
10%WSA 
20%WSA 
30%WSA 
40% WSA 
Composition (g) 
Cement 
950 
855 
760 
665 
570 
WSA 
0 
95 
190 
285 
380 
Sand 
2612.5 
2612.5 
2612.5 
2612.5 
2612.5 
Water 
460.8 
480 
495.8 
504 
515 
Fresh state 
Temperature (°C) 
26 
26.2 
27.8 
27.7 
28.1 
Flow (cm) 
17 
17 
17 
17.25 
17 
The impact of WSA on strength properties of mortars is presented in Figure 5.9. The strength 
values were taken as the average of three cubes for each measurement. It can be observed that 
at a young age, the compressive strength of specimens decreased by increasing the WSA 
content. However, after 28 days, the strengths of the 20% and 40% WSA mortar cubes were 
equivalent to those of the control. The strength of the 20% WSA was even greater than the 
strength of the control at 56 days. 
0 10 20 30 40 50 
WSA fly ash content (%) 
Figure 5 .9- Effect of WSA on mechanical properties of mortar cubes (group I) 
The strength activity index (SAI) was performed in accordance with ASTM C 311 (2004f). 
As shown in Table 5.6, even with 40% WSA, the SAI of cubes attained 90% at 28 days which 
further surpassed the minimum limit of 75% when the mortar contained only 20% of tested 
ash recommended by ASTM C 618 (2003a). Hence, it can be concluded that the WSA led to 
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higher activity. Besides, the 20% ratio was considered as the optimum choice. However, if the 
relatively lower strength of structure at young age is accepted, the higher replacement ratio up 
to 40% can be applied in order to generate more benefits in both economic and environmental 
considerations. 
The water requirements of WSA mortars are shown in Table 5.6 in accordance with the 
ASTM C 311 (2004f). WSA mortars had a higher water demand than that of the maximum 
reference of coal-produced fly ash specified in ASTM C 618 (2003a). 
Table 5 .6- Results of SAI and water requirement of mortar cubes within WSA 
Time 
(days) 
1 
7 
28 
56 
Water requirement 
(% of control) 
Strength activity index (%) 
WSA 10% 
96 
96 
97 
97 
104 
WSA20% 
90 
98 
98 
104 
108 
WSA30% 
74 
86 
100 
100 
109 
WSA40% 
51 
73 
90 
98 
112 
ASTM C618 
Minimum (%) 
-
75 
75 
-
Maximum (%) 
105 
Binary system - group II 
In this group, all the mortars were prepared with a w/b of 0.35. The use of a superplasticizer 
was necessary in order to maintain the same workability as the control (w/b = 0.485). Here, 
two kinds of SPs used in mortars were compared: Disal and Plastol. Disal was applied for 
mortars containing different proportions of WSA (10, 20, 30 and 40%). Plastol was just used 
for the 20% WSA mortar. Table 5.7 shows the composition of each mixture and the properties 
of fresh mortars. It is shown that for the mixture with 20% WSA to achieve similar fluidity, 
the required dosage of Disal was almost four times higher than that when Plastol was used. 
Thus, using Plastol was more effective than Disal in this case. 
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Table 5 .7- Composition and fresh properties of SP mortars- Group II (w/b = 0.35) 
SP 
type 
Disal 
Plastol 
Binder 
type 
Control 
WSA 10 
WSA20 
WSA30 
WSA40 
Control 
WSA20 
Composition (g) 
Cement 
1187.5 
"1068.75 
950 
831.25 
712.5 
1187.5 
950 
WSA 
0 
118.75 
237.5 
356.25 
475 
0 
237.5 
Sand 
2375 
2375 
2375 
2375 
2375 
2375 
2375 
SP (% of 
binder) 
0.569 
0.647 
0.813 
1 
1.457 
0.138 
0.205 
Fresh properties 
Temp. 
CO 
26.8 
27.7 
27.1 
29.1 
28.5 
26.7 
28.1 
Flow 
(cm) 
19 
17 
17.75 
17 
17.5 
18.5 
18.5 
Figure 5.10 shows the strength development of mortars made with Disal along with time. On 
all the test days, the compressive strengths of WSA specimens diminished by increasing the 
WSA content. It should be noted that this is not same tendency of strength development 
which was present in group I. The use of Disal in group II greatly diminished the resistance 
even after a long time curing. The degradation of strength was significant with increasing the 
WSA content compared to the strength of the control mixture. 
10 20 30 
WSA fly ash content (%) 
40 50 
Figure 5. 10 - Compressive strength evolution of mortar cubes using Disal 
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Meanwhile, the 20% WSA mortar employing Plastol was compared to Disal mortar with the 
same WSA content. As shown in Figure 5.11, although with same composition, the 
application of Disal in this case showed low strength development for both the control and 
the 20% WSA mixtures until 56 days. Thus, it can be concluded, from the standpoint of 
strength development, Plastol revealed better performance than that of Disal. In considering 
both strength performance and compatibility in the PC-WSA system as described in section 
5.2.4, Plastol was suggested as the optimum superplasticizer rather than Disal in this case. 
The relative strength index of all the mixtures is shown in Table 5.8. The relative strength of 
the 20% WSA mixture using Plastol surpassed the recommended limitation of 75% at all 
ages. 
0 10 20 30 40 50 60 
Age (days) 
Figure 5 .11- Comparison of the strength of control and 20% WSA mortars using two types 
of SPs 
Table 5 .8 - Relative strength index - group II 
Time 
(days) 
1 
7 
28 
56 
Disal 
WSA 10% 
84 
91 
94 
97 
WSA20% 
68 
80 
85 
87 
WSA30% 
63 
78 
84 
86 
WSA40% 
52 
66 
79 
82 
Plastol 
WSA20% 
88 
99 
97 
101 
97 
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Ternary system- group III 
The ternary system was made by incorporating WSA (different content) and 5% silica fume. 
Table 5.9 shows the composition of ternary mixtures as well as the fresh properties. 
Figure 5.12 shows the compressive strength of four mixtures in the ternary system. The 
strengths diminished by adding WSA content on the first day. With increasing curing time, 
the mixture containing 15% WSA and 5% silica fume (WSA15SF5) showed a substantial 
increase in strength. Although with a higher replacement level (35% WSA and 5% silica 
fume), the strength of WSA35SF5 dramatically rose from 6.67 MPa (one day) to 38.48 MPa 
(56 days). It can be found that both WSA and silica fume contributed to improved strength of 
the mortars. 
Table 5 .9- Composition and fresh properties of ternary mortars - Group III 
Control 
WSA15SF5 
WSA25SF5 
WSA35SF5 
Composition (g) 
Cement 
950 
760 
665 
570 
WSA 
0 
142.5 
237.5 
332.5 
silica 
fume 
0 
47.5 
47.5 
,47.5 
Sand 
2612.5 
2612.5 
2612.5 
2612.5 
w/b 
0.485 
0.533 
0.558 
0.632 
Fresh properties 
Temp. 
(°C) 
26 
25.3 
26 
26.3 
Flow 
(cm) 
17 
17.0 
17.0 
16.5 
Control WSA15SF5 WSA2S SF5 WSA35 SF5 
Figure 5.12- Strength development of ternary system 
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Table 5.10 presents the strength activity index of ternary mixtures. A notable increase of . 
strength can be seen due to the highly active properties of the materials (WSA & silica fume). 
Moreover, to compare the composition with group I (Table 5.5), the WSA mixtures involving 
silica fume required more water to obtain a given fluidity due to the greater amount of fine 
particles. 
Table 5.10- Strength activity index of ternary system 
Time (days) 
1 
7 
28 
56 
Water requirement 
(% of control) 
Composition 
WSA15SF5 
90 
101 
117 
120 
110 
WSA25 SF5 
70 
92 
117 
113 
115 
WSA35 SF5 
• 33 
58 
93 
93 
130 
5.3 WSA Concrete- Optimization 
One of the primary objectives of this study was to evaluate the potential utilization of WSA in 
concrete. Hence, after the evaluation of WSA in paste and mortar, the focus was transferred to 
assess its effect in the concrete phase. It involved two primary steps: optimization and 
comprehensive survey. 
For the optimization part, the concrete mixtures were designated several codes: Control, 
WSA20, WSA30 and WSA40, which referred to the PC replacement by WSA from 0 to 40%, 
in steps of 10%. 
5.3.1 Part I: w/b = 0.40 
The mixtures were present in two parts following different w/b: 0.40 and 0.55. The designed 
compositions of concrete mixes when w/b applied as 0.40 are present in Appendix. With the 
exception of the control and the WSA concrete, it should be mentioned that one type of 
mixture (FFA20) containing 20% of Class F fly ash was also used as a reference to compare 
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with the WSA concrete. The target slump of 190 ± 20 mm and an air volume of 5-8% are 
reached by adding various types and dosages of chemical admixtures. Indeed, in order to 
easily sample the specimens, the target slumps of several mixtures were improved beyond the 
range (190 ± 20 mm) due to the relatively high loss of workability of the WSA concrete. 
When the w/b used was 0.40, several intentions were taken into account: 
• Selection of the superplasticizer (Plastol or Disal) in the concrete phase; 
• Deciding the optimum replacement ratio; 
• Compatibility between the superplasticizer and the air-entraining agent (AEA) in terms 
of required dosage, fresh properties and compressive strength for the concrete; 
• Comparison of air-entraining concrete and no air-entraining concrete. 
Specifically, this was divided into three branches: 
> Comparison of various types of mixtures with two chemical additive combinations: 
Plastol & AireX-L vs. Disal & Micro air; 
> Optimization of various combined-systems among SPs and AEAs by evaluating the 
properties of concrete (conducted on WSA20 only); 
> Determination of two series of concrete using Plastol and Disal, respectively: with or 
without extra air entraining. 
Branch I 
The compositions of several mixtures are showed in Table A.l (Appendix). The dosage of 
chemical additives and fresh properties of concrete are shown in Table 5.11. The dosage of SP 
was calculated as dry extract in percentage of binder quantity. Meanwhile, the AEA dosage 
was calculated as a volume per 100 kg of binder content. Several tests were carried out to 
evaluate the fresh properties, such as slump, air content, density and temperature at 10 and 30 
minutes, respectively. Afterwards, the compressive strength at 1, 7, 28, 56 and 91 days was 
measured. The optimum combination of additives was then determined by taking all 
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behaviours mentioned above into consideration. 
The amount of chemical admixtures added to each mixture is presented in Figure 5.13. It 
should be noted that one mixture was omitted (WSA40 with Disal and Micro air). Increasing 
the replacement of WSA resulted in requiring more dosage of chemical admixtures (both with 
Plastol and Disal). This tendency of increasing the dosage of SPs and the WSA content were 
not related. Lots of studies (Kinuthia et al, 2001; O'Farrell et al., 2002; Pera et al., 2001) 
have found that WSA has a high water demand and this is undoubtedly a primary result 
observed in the current system. This higher water demand implied higher SPs requirements 
due to the higher fineness of WSA particles and relatively high CaO phase contained in WSA. 
Also, for the same 20% replacement, the dosage of Plastol applied to WSA concrete was 
increased by about 20% compared to the dosage used for Class F fly ash concrete. However, 
the Disal was increased about 70%> compared to the dosage used on WSA20 and FFA20 in 
order to obtain a similar workability at 10 minutes. 
Figure 5.13 also provides the dosage variation of two AEAs (AireX-L and Micro air). With 
increasing the content of WSA, the required dosage of two AEAs increased as well. 
Generally (except with FFA20), the required amount of Micro air was higher than that of 
AireX-L. It is accepted that the demand of AEA is related to the carbon content within the fly 
ash. The carbon would act as an adsorbent (just as activated carbon is often used to purify 
water). Besides, the carbon may interact with the surfactants within the AEA. As a 
consequence, the relatively high LOI of WSA may significantly influence the dosage of AEA 
used in WSA concrete. 
Figure 5.14 shows the comparison of dosage of SPs employed in each mixture and the related 
slump measured at 10 minutes. It can be observed that for similar workability, the dosage of 
Disal was several times more than that of Plastol for the same mixture. 
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In Figure 5.15, the slump evolution at 10 and 30 minutes of several mixtures are presented. 
No matter which kinds of SPs were used, the WSA concrete showed a great slump loss 
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especially when a high WSA replacement level was applied. However, the WSA20 and 
WSA30 with Disal exhibited better retention on slump variation than the case which used 
Plastol. 
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Figure 5. 15 -Variation of slump between 10 and 30 minutes with two kinds of SPs 
The air content at both 10 and 30 minutes is shown in Figure 5.16. In spite of the FFA20 with 
Micro air, all the air volume of each group was within this targeted range (5 ~ 8%) even after 
30 minutes. 
The compressive strength of all the mixtures is shown in Figure 5.17. The different 
combination of additives revealed an insignificant impact on strength behaviours of the 
control and the FFA20. However, the strength development of WSA concretes extremely 
diminished with the use of Disal rather than Plastol with the same mix composition. 
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In short, the combination of Plastol with AireX-L was chosen as optimum chemical 
admixtures in view of fresh and strength behaviours of concrete in this case. The strength 
development of the control and the WSA concrete using such combination of chemical 
admixtures is showed in Figure 5.18. The tendency of strength development for WSA 
concrete presented here was quite similar to the results obtained in the mortar phase (as 
presented in Figure 5.9). The concrete lost compressive strength by increasing the WSA 
dosage at early ages. However, by lengthening the curing period, the strength of WSA 
concrete approached or surpassed that of the control. After 91 days, the 20% WSA concrete 
reached the best strength of all the mixtures. Even when the WSA replacement ratio was up to 
40%, the strength was the same as the control after 91 days curing which indicated this new 
material (WSA) had a high activity. 
10 20 30 40 50 
WSA ash content(%) 
Figure 5.18- The evolution of compressive strength for different proportions of WSA in 
concrete (Plastol & AireX-L) 
Branch II 
It should be noted that seven combinations of various chemical admixtures were compared. 
In this branch, only one type of concrete was used and the composition used in this branch is 
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presented in Table A.2 (Appendix). Table 5.12 lists those seven combination groups which 
contained five kinds of SPs and two kinds of AEAs. Specifically, one kind of PNS named 
Dal 9 had two types used in this study: one was based on sodium salt (DaS) and another was 
based on calcium salt (DaC). The code of each mixture was assigned according to the 
additives which were used in the concrete. For instance, P.A indicates the concrete containing 
Plastol and AireX-L, etc. 
It should be noted that some interesting results of the fresh properties for the two contrast 
groups are shown in Figure 5.19 and Figure 5.20. Firstly, with the same dosage of Plastol (in 
dry extract 0.2046% of binder) and the same dosage (70 ml/ 100kg of binder) of two kinds of 
AEAs (AireX-L and Micro air), two mixtures (P.A. and P.M.) were compared in slump 
variation and air volume at 10 and 30 minutes, respectively. The P.A. showed a slump loss of 
120 mm compared with 125 mm for the P.M. whereas, with the same dosage of AEA, the P.A. 
had an air volume of over 5% after 30 minutes. In addition, in consideration of compressive 
strength development of P.A. and P.M. illustrated in Figure 5.21, it can be concluded that the 
combination group of Plastol with AireX-L was superior to the group of Plastol with Micro 
air in this case. 
A similar comparison was conducted between Disal with Micro air (D.M.) and Disal with 
AireX-L (D.A.), respectively (Figure 5.20). The dosage of Disal was kept at about 1% of the 
binder; and the dosage of AEAs varied. The graph displayed that with a similar dosage of 
Disal, the D.M. had a better slump retention. Moreover, although the D.A. used a higher 
dosage of AEA (AireX-L), the resultant air volume was less than 5%. Thus it may be 
suggested to use Disal with Micro air instead of with AireX-L in this case. 
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Table 5. 12 - Comparison of WS A20 using various combinations of chemical admixtures 
Code 
SP(in 
dry 
extract 
%of 
binder 
PCP 
PN
S 
AEA 
(ml/100kg) 
Slump (mm) 
Air content 
(%) 
Density 
(kg/m3) 
Temperature 
(°C ) 
Plastol (P) 
Disal (D) 
Da 19 (sodium, DaS) 
Da 19 (calcium, DaC) 
Eucon 37 (E) 
Micro air (M) 
AireX-L (A) 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
P.A 
0.2046 
-
-
-
-
-
70 
215 
95 
8.5 
5.5 
2197 
2330 
24.9 
25.4 
P.M 
0.2046 
-
-
-
-
70 
-
180 
55 
6.8 
4.8 
2300 
2346 
23.8 
23.4 
D.M 
-
1 
-
-
-
180 
-
220 
145 
8.5 
5.5 
2246 
2353 
28 
29.3 
D.A 
-
0.903 
-
-
-
-
250 
220 
115 
3.1 
2.4 
2379 
2399 
24.2 
24.5 
DaS.M 
-
-
1 
-
-
180 
-
245 
210 
7.8 
4.4 
2269 
2355 
23.1 
22.8 
DaC.M 
-
-
-
1 
-
200 
-
165 
85 
9.5 
5.5 
2210 
2319 
22.2 
21.8 
E.M 
-
- . 
-
-
0.79 
180 
-
210 
100 
7 
4 
2303 
2351 
26 
26.1 
n. 
J3 
a! 
I I Slump @ 10 min 
—it - Air volume @ 10 min 
Wtm& Slump @ 30 min 
—A—Air volume (a). 30 min 
P.A. P.M. 
Figure 5.19- Comparison of slump and air content of Plastol concrete with two AEAs 
(AireX-L and Micro air) 
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Figure 5. 20 - Comparison slump and air content of Disal concrete with two AEAs (AireX-L 
and Micro air) 
P.A 
—yitr- P . M 
DaC.M 
DaS.M 
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Elapsed time(days) 
70 77 84 91 98 
Figure 5 .21 - Strength development of 20% WSA concretes with various additives 
The strength developments of mixtures using different additives are presented in Figure 5.21. 
Strength is influenced mainly by dosage and types of chemical admixtures as well as the 
entrained air volume. It should be remarked that both mixtures using Disal or sodium Da 19 
(D.M and DaS.M) displayed worse compressive strength development with increasing time. 
However, the concrete using calcium Dal 9 (DaC.M) appeared to have better strength 
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behaviour. Besides, Disal is a kind of sodium salts. Consequently, it can be concluded that the 
superplasticizer containing the sodium ingredient may be incompatible with the WSA system. 
Further investigation about various chemical admixtures with the WSA system will be 
performed in future research. Moreover, of all the combinations of additives, P.A was 
considered the best because of the lowest dosage. It also has good fresh properties and 
strength gain. 
Branch III 
This branch was performed to estimate the properties of concrete with and without 
air-entraining. Two groups were compared: Plastol with/without AireX-L and Disal 
with/without Micro Air. The compositions of each designed concrete are provided in Table 
A.3 and Table A.4 (Appendix). 
As shown in Table 5.13, without adding AEA, the dosage of Plastol was dramatically 
increased to acquire enough workability for the WSA20. Moreover, Figure 5.22 presents 
compressive strength development of the control, the 20% Class F and the 20% WSA 
concrete with and without adding AEA. 
Table 5. 13 - The comparison of with/without air-entraining concrete made with Plastol 
Code 
Plastol 
(in dry extract % of binder) 
AEA (ml/100kg) 
Slump (mm) 
Air content (%) 
Density (kg/m3) 
Temperature (°C) 
AireX-L 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
Control 
0.155 
40 
195 
150 
7.5 
5.8 
2289 
2342 
23.8 
23.9 
FFA20 
0.1705 
40 
225 
210 
9 
6.4 
2197 
2308 
23.3 
22.5 
WSA20 
0.2046 
70 
215 
95 
8.5 
5.5 
2197 
2330 
24.9 
25.4 
NA.Control "; 
0.186 
-
205 
130 
1.8 
2 
2454 
2451 
23 
22.7 
NA.FFA2Q 
0.2108 
-
240 
210 
1 
1.2 
2448 
2453 
22.8 
22.8 
NA.WSA20 
0.279 
-
215 
95 
1.1 
1.8 
2436 
2418 
25.5 
25.6 
NA. represents no air-entraining. 
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Figure 5. 22 - Comparison of compressive strengths with and without AEA (using Plastol) 
The same comparison was conducted with mixtures using Disal and with/without AEA. The 
summary of additive dosage and fresh properties is presented in Table 5.14. Figure 5.23 
presents the development of compressive strength, in which, the strength of WSA concrete 
was diminished with adding or not adding extra air volume due to the compatibility of Disal 
with the WSA system. 
Table 5. 14 - The comparison of with/without air-entraining concrete made with Disal 
Code 
S.P. (in dry extract 
%. of binder) 
AEA (ml/100kg) 
Slump (mm) 
Air content (%) 
Density (kg/m3) 
Temperature (°C) 
Disal 
Micro 
air 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
Control 
0.63 
140 
210 
190 
7.2 
5.7 
2279 
2358 
24.1 
24.1 
FFA20 
0.588 
70 
225 
185 
5.8 
4.2 
2327 
2348 
23.1 
22.9 
WSA20 
1 
180 
220 
145 
8.5 
5.5 
2246 
2353 
28 
29.3 
WSA30 
1.092 
450 
245 
130 
7.8 
5.4 
2231 
2324 
23.8 
23.8 
NA. 
Control 
0.672 
-
200 
120 
1.7 
1.7 
2442 
2447 
25.3 
25.3 
NA. 
FFA20 
0.651 
-
225 
180 
1.4 
1.8 
2442 
2431 
23 
23.1 
NA. 
WSA20 
0.861 
-
205 
105 
0.9 
1.5 
2457 
2431 
25.3 
25.3 
NA. 
WSA30 
0.966 
-
215 
85 
1.2 
1.8 
2428 
2424 
24.6 
24.8 
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Figure 5. 23 - Comparison of compressive strengths with and without AEA (using Disal) 
5.3.2 Part II: w/b = 0.55 • 
In the optimization of the concrete phase, another w/b as 0.55 was also used and the 
properties of the concrete were evaluated. The compositions of the concrete mixtures used in 
this part are provided in Table A.5 (Appendix). Two groups were conducted and compared in 
this part: with and without a dispersing agent (WRA and SP). 
Except for the control, two groups of WSA concrete were conducted and compared in this 
part: with and without a dispersing agent (WRA and SP). Due to an extremely high water 
demand of the WSA40 concrete, a WRA (Eucon MRC) was used in the group "without 
dispersing agent". 
The dosage of chemical admixtures and fresh properties are shown in Table 5.15. For the 
group "with dispersing agent", the dosage of Plastol was increased with increasing the WSA 
content. This result is in accordance with that obtained from mortar as well as from concrete 
(w/b = 0.40). On the other hand, the dosage of AEA was dramatically decreased compared to 
the group "without dispersing agent" when Plastol was used, because Plastol may facilitate 
the air entrainment. The target slump was originally set in the range of 90 ± 20 mm and the 
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air volume in fresh concrete was kept between 5-8%. When Plastol was used, the slump of 
the WSA concrete was further improved and the values surpassed the target range but no 
visible segregation occurred with the three mixtures. Between 10 to 30 minutes, the slump 
variation of concrete using w/b as 0.55 was not as significant as that with w/b as 0.40 (see 
Table 5.11). 
Table 5.15- The dosage of additives-and fresh properties of optimized concrete (w/b = 0.55) 
in dry extract % 
of binder • 
AEA (ml/100kg) 
Slump (mm) 
Air content (%) 
Density (kg/mJ) 
Temperature 
(°C) 
Plastol 
Eucon 
MRC 
AireX-L 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
Control 
-
-
80 
180 
150 
5.5 
5.6 
2282 
2287 
22.3 
• 21.9 
Without dispersing agent "* 
WSA20 
-
-
137 
130 
110 
7.4 
7 
2222 
2234 
22 
21.9 
WSA30 
-
183 
110 
80 
6.6 
6.4 
2220 
2245 
21.6 
21.1 
WSA40 
-
0.2386 
297 . 
100 
90 
9 
8.2 
2150 
2192 
19.5 
19.7 
With dispersing agent 
P.WSA20 
0.0496 
-
69 
200 
140 
9 
8.2 
2187 
. 2207 
16 
16.2 
P.WSA30 
0.0709 
-
50 
195 
160 
8.1 
7 
2184 
2233 
21 
20.2 
P.WSA40 
0.089 
-
46 
200 
175 
8.5 
6 
2154 
2251 
17.2 
17.7 
With the exception of WSA40 which used one type of dispersing agent -Eucon MRC 
Figure 5.24 presents the comparison of compressive strength between those two groups. 
Without using Plastol, the strength development of the three WSA mixtures (shown as dotted 
lines) were lower than that of the control at all ages. This tendency completely disagrees with 
the results of SAI (Table 5.6) from mortar cubes, in which 20% WSA may enhance the 
strength to a level superior to the control after a long curing time. This can be explained by 
the fact that extremely fine particles within the WSA-PC binder caused a leakage of water. As 
a result, the cementing composite was not hydrated completely, which in turn caused a much 
slower strength development of the WSA concrete even after a long time. Therefore, a high 
water reducing agent (such as Plastol) was necessary in the WSA concrete even at such a 
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relatively high w/b as 0.55. Moreover, the better strength development of WSA concrete with 
Plastol confirmed the inference described above. 
35 -, 
30 
25 
20 
15 
a. 10 
O 
O WSA20 
WSA30 
WSA40 
-•— control 
P. WSA20 
P. WSA30 
P. WSA40 
14 21 28 35 42 49 56 
Elapsed time (days) 
63 70 77 84 91 98 
Figure 5. 24 - Comparison strengths of concrete with or without dispersing agent (w/b = 0.55) 
Figure 5.25 shows the compressive strength development of various concretes with Plastol. 
At early ages, the presence of WSA had the effect of decreasing compressive strength with 
increasing the WSA content. However, the strength was notably enhanced by increasing the 
curing time and by increasing the WSA content. Typically, concrete with a replacement ratio 
of up to 40% WSA had higher strength than that of the control after 91 days, while the 
relative strength of WSA40 was 103% of the compressive strength of the control. 
Nevertheless, the WSA20 within this w/b did not obtain the highest strength after 91 days. A 
similar result was found by O'Farrell (O'Farrell et al., 2002). The author used a w/b ratio of 
0.50 and the concrete mixtures made up with a binder: sand: aggregate ratio of 1:2:3. The 
compressive strengths at the young age were decreased by increasing the WSA content. 
However, the concrete which incorporated 40% WSA attained the relative strength of about 
115% of that of the control after 90 days. 
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Figure 5. 25 - Compressive strength development (yv/b = 0.55 + Plastol) 
5.4 The Comprehensive Study of WSA Concrete Properties 
Two series of concrete were used in this phase; the code was designed as follows: 
• HPC (Higher performance concrete, w/b = 0.40) 
• OC (Ordinary concrete, w/b = 0.55) 
Five types of concrete with a w/b of 0.40 identified as higher performance concrete were used 
to evaluate WSA mixture properties in terms of fresh, hardened and durability aspects. As 
described in the optimization phase (section 5.3.1) Plastol and AireX-L were used to make the 
concrete and 20% was selected as the optimum ratio in consideration of fresh and 
compressive strength behaviours. Consequently, further studies on volume change and 
durability with the optimum mixture were performed in this phase. Additionally, except for 
the binary system containing 20% of WSA (HP 20), three other ternary mixtures were cast 
involving 20% WSA plus various types of SCMs: 5% silica fume (HP S5), 12% slag (HP L12) 
and 8% metakaolin (HP M8). The percentage of SCMs was chosen from other optimization 
work (Laldji et al , 2007). The control with 100% PC (HP Te) was used as a reference to 
compare with the other mixtures. The composition of the designed concrete mixtures is 
showed in Table 5.16. 
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Table 5.16 - The composition of mixtures and fresh properties (w/b = 0.40) 
Identification 
Control 
HPTe 
Binary 
HP 20 
Ternary 
HPS5 HPL12 HPM8 
Composition (kg/m3) 
Cement (GU) 
WSA 
Silica fume 
Slag 
Metaokaolin 
Water 
Sand 
Aggregate (20mm) 
Plastol (in dry extract % of binder) 
AireX-L (ml/100kg) 
390 
0 
0 
o' 
0 
156 
610 
1044 
0.149 
29.5 
318 
80 
0 
0 
0 
159 
673 
1064 
0.201 
68.2 
293 
78 
20 
0 
0 
156 
539 
1046 
0.285 
72.7 
269 
79 
0 
48 
0 
158 
664 
1060 
0.2043 
50 
284 
79 
0 
0 
32 
158 
655 
1056 
0.2536 
70.5 
Fresh properties 
Slump (mm) 
Air content (%) 
Density (kg/m3) 
Temperature (°C) 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
230 
210 
9 
6.9 
2200 
2291 
23 
19.7 
230 
210 
6.6 
5.5 
2293 
2336 
19.3 
19.5 
245 
225 
11 
8 
2133 
2259 
19.8 
20.1 
245 
200 
6.7 
5.8 
2278 
2281 
19.4 
19.5 
255 
210 
6.7 
5.4 
. 2264 
2315 
20.4 
20.8 
On the other hand, four types of concrete containing WSA were made with w/b as 0.55 and 
this series was named "ordinary concrete". The composition used in this series is provided by 
Table 5.17. Only the binary system was used to evaluate the other concrete properties other 
than fresh and compressive strength. The WSA replacement ratios were 0, 20%, 30%, and 
40% corresponding to the designated concrete of OC Te, OC 20, OC 30 and OC 40. It should 
be noted that the OC 30 did not use WSA from the same batch that the other mixtures used. 
In fact, the concrete containing 30% WSA which was produced in 2008 (WSA08) was named 
as N. OC 30. The WSA08 particles had extremely high fineness (SSB: 1195 m2/kg) and 
higher CaO content than the WSA from 2007 (Table 5.1). 
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Table 5.17- Dosage of additives and fresh properties of OC concretes (w/b = 0.55) 
Identification OCTe OC20 OC40 N.OC30° ; 
Composition (kg/m3) 
Cement (GU) 
WSA 
Water 
Sand 
Aggregate (20mm) 
Plastol (in dry extract % of binder) 
AireX-L (ml/100kg) 
347 
0 
191 
592 
1062 
0 
70.13 
278 
70 
191 
624 
1064 
0.0483 
36.36 
208 
138 
190 
577 
1058 
0.0854 
33.77 
244 
104 
191 
588 
1064 
0.1634 
37.9 
Fresh properties 
Slump (mm) 
Air content (%) 
Density (kg/m3) 
Temperature (°C) 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
10 min 
30 min 
195 
195 
8.4 
7.7 
2193 
2176 
18.1 ' 
18.3 
200 
180 
6.8 
6 
2227 
2237 
20.8 
20.7 
210 
175 
8 
6.2 
2172 
2233 
20.8 
21.4 
205 
105 
8 
4.4 
2191 
2309 
20.4 
21.1 
Using the batch of WSA produced in 2008 
5.4.1 Fresh properties 
HP Concrete 
Table 5.16 summarizes the dosage of chemical admixtures and fresh properties obtained for 
the control, binary and ternary mixes. The dosage variation of chemical admixtures with 
different types of binder is shown in Figure 5.26. The ternary system of HP S5 required the 
highest dosage of both superplasticizer and AEA in all mixtures due to the extremely fine 
particles of silica fume. Moreover, as presented in Figure 5.27, the slump loss of all the 
mixtures after 30 minutes was within 45 mm. With the exception of HP LI2 and HP M8, 
other mixtures exhibited excellent slump flow retention as low as 20 mm. However, all the 
concrete met the requirement slump after 30 minutes. The fresh targeted air volume was in 
the range of 5 to 8% and was determined at 10 and 30 minutes. The results were compared as 
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shown in Figure 5.28. HP S5 appeared to have a relatively higher variation in air volume 
between 10 to 30 minutes. 
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Figure 5. 26 - Comparison the dosage of additives - HPC series 
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Figure 5. 27 - Slump flow values measured at 10 and 30 minutes - HPC series 
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Figure 5. 28 - Fresh air content of designed mixtures determined at 10 and 30 minutes - HPC 
series 
OC concrete 
The results of fresh properties of the OC series are summarized in Table 5.17. Once again, 
except for the control, a superplasticizer was used in the WSA binary in order to disperse the 
fine particles. 
The comparison of dosage of chemical admixtures is shown in Figure 5.29. Except for the 
control, the required dosage of Plastol increased with increasing the WSA content. It can be 
noted that the N.OC 30 required more superplasticizer than OC 40 made with high WSA 
content due to the fact that this mixture used WSA08 which had more fine particles than that 
of WSA07. Additionally, Plastol had the effect of entraining air. In fact, to compare the OC 
Te with the OC 20, the mixtures with Plastol diminished the required dosage of AEA. The 
N.OC 30 mix required more AEA due to its higher carbon content. The LOI of the WSA 08 
was 6.44% compared to 5.12% with the WSA 07. 
Figure 5.30 shows the slump flow retention between 10 and 30 minutes. The N. OC 30 
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displayed a notable loss of workability as high as 100 mm which can be compared with 35 
mm for the mixture which used the same composition but with WSA produced in 2007 in the 
optimization phase (P. WSA30, Table 5.15). This also indicated the mixture incorporating the 
WSA08 showed rapid setting. 
The measurements of air content at 10 and 30 minutes are shown in Figure 5.31. The air 
volume of all the mixtures was higher than 5% at 30 minutes except for the mix of N. OC 30. 
It revealed a high tendency in reducing the air volume from 10 to 30 minutes. 
0.35 r 
2? 0.3 -
ise
 
u 
C/3 
cd 
H-
<u 
-1 
C/3 
<*-c 
O 
0) 
an CS 
o 
Q 
0 75 
i)7 
0.15 
0.1 
0.05 
-
•.70.13 
\ 
-
^M Plastol 
36.36 
0.0483 
III 
-AireX-L 
33.77 
0.0854 
-
-
37.9 
Jai634 
-
80 
70 
60 
- 50 
CD 
O 
o 
< 
40 W 
< 
30 o 
-u 
20 | 
a> 
10 Q 
O C T e OC20 O C 4 0 N O C 3 0 
Figure 5. 29 - Comparison of the dosages of chemical admixtures - OC series 
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Figure 5. 30 - Slump flow values measured at 10 and 30 minutes - OC series 
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Figure 5. 31 - Fresh air content of designed mixtures determined at 10 and 30 minutes - OC 
series 
5.4.2 Setting time 
HP Concrete 
Figure 5.32 shows the initial and final setting times as well as the interval between the two 
setting times. It should be noted that the dosage of SP, type of binder, quantity of WSA and 
SCMs used in mixtures may affect the hydration of the system - retardation or acceleration. 
Generally, a higher SP dosage was required to secure higher fluidity, which may have delayed 
the setting time. As shown in the graph, the binary and ternary mixtures had retarded the final 
set compared to the control. The reason may be due to the higher requirement dosage of SP 
for those mixtures. For example, the HP S5 had the longest initial time of setting which was 
due to the highest dosage of Plastol used in this mixture. Although the initial setting of the HP 
20 and HP M8 was accelerated compared to that of the control, they took longer time to finish 
setting. 
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Figure 5. 32 - Initial and final setting times of HPC 
OC concrete 
Figure 5.33 shows the setting time of the OC series. Compared with the OC Te, the OC 20 
and OC 40 had a slightly prolonged initial setting time because of SP used for these mixtures. 
However, the N. OC 30 showed a remarkable increase in the initial setting as well as the 
interval between the initial and final setting time. The reason may be due to two factors: the 
finesses and the higher dosage of Plastol used on the mixture. 
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Figure 5. 33 - Initial and final setting times of OC 
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5.4.3 Heat hydration 
The amount of heat that is generated during the initial curing is of interest for two reasons: (1) 
it can be used as an indicator of other behaviours and (2) it can cause detrimental behaviours 
if not accounted in the design. 
HP Concrete 
Figure 5.34 displays the varying temperatures of concrete cylinders under semi-adiabatic 
.conditions. The effect of WSA and SCMs on the rise in temperature was highlighted. As 
shown in the graph, the investigated mixtures exhibited peak temperatures ranging from 
about 47 to 51 °C. After 48 hours, the temperature of the concrete had cooled to about 41 ± 1 
°C. It can be found that the type of binder had a significant effect on releasing the hydration 
heat. 
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 
Elapsed time (days) 
Figure 5. 34 - Temperature evolution of HPC under semi-adiabatic conditions 
Table 5.18 shows the peak temperatures and the time required to reach these temperatures. 
The hydration depended not only on the type of binder but also on the proportions of each 
material incorporated in the binder. With the exception of HP M8, the other binary or ternary 
mixtures decreased the peak temperature. Consequently, it may be concluded that the WSA 
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and SCMs had the effect of reducing early hydration heat. This observation is accordance 
with the common agreement that traditional coal-fly ash may reduce the early hydration heat. 
The HP S5 and HP M8 had higher peak temperatures compared to that of the HP 20 and HP 
L12. This was due to the fact that the former mixtures incorporated silica fume and 
metakaolin which have extremely fine particles; thus the early hydration was enhanced. The 
BET fineness of silica fume and metakaolin are 20.09 and 10.28 m2/g, compared to the 
results of cement, WSA and slag which are 1, 3.09 and 2.37 m /g, respectively. Also, the 
binary and ternary mixtures took longer time than the control to reach the maximum 
temperature. 
Table 5.18- The peak temperature and the relevant time - HPC series 
Mix 
HP Te 
HP 20 
HPS5 
HPL12 
HPM8 
Peak temp. (°C) 
50.6 
48.7 
49.7 
47.6 
50.7 
Time (hours)a) 
17.7 
19.3 
22.8 
22.8 
21.6 
a) The time used to reach the peak temperature 
OC concrete 
The temperature evolution of the OC series is presented in Figure 5.35. It had intensively 
high reactivity in the early period. The WSA concrete (with the exception of N. OC 30) 
slightly reduced the heat releasing due to hydration after about one day. The maximum 
temperatures varied from 41 °C to 44 °C. After two days, all the mixtures stabilized at about 
39 °C. 
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Figure 5. 35 - Temperature evolution of OC under semi-adiabatic conditions 
Table 5.19 shows the related time to reach the peak temperatures. It is noted that the higher 
replacement level of WSA may reduce the maximum temperature of hydration. The N. OC 30 
released the most heat and was the fastest mixture to reach the peak temperature because the 
WSA08 used in this concrete had totally varied characteristics. 
Table 5.19- The peak temperature and the relevant arrival time - OC series 
Mix 
OCTe 
OC20 
OC40 
NOC 30 
Peak temp. (°C) 
43.0 
42.8 
41.7 
44.2 
Time (hours) a) 
28.8 
26.1 
27.7 
23.7 
a) The time needed to attain the peak temperature 
5.4.4 Mechanical properties 
HP Concrete 
The strength development of the HP series concrete at 1, 7, 28, 91 days and 1 year under the 
standard curing conditions is presented in Figure 5.36. It was observed that HP 20 showed 
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excellent strength gaining compared to the control until one year. Although the HP S5 and HP 
M8 displayed lower resistance at one day, their strengths were remarkably improved with 
increased curing time. After one year the strength of the HP M8 had reached 78.2 MPa, the 
best of all the mixtures. This can be partly due to the relatively higher pozzolanicity of slag 
and metakaolin than that of the WSA. Additionally, the HP LI2 exhibited lower strength 
development until the end of one year, but the strength was enhanced after a longer curing 
period. As mentioned in section 2.2.2, slag is neither hydraulic material nor pozzolan. It needs 
other activators to initiate the hydration. It should also be noted that all the strengths of the 
binary and ternary systems surpassed that of the control at 28 days. Thus this series was 
indeed "higher performance concrete". 
HPTe HP20 HPS5 HPL12 HPM8 
Figure 5. 36 - Comparison of compressive strength of control with binary/ternary system 
(HPC) 
Figure 5.37 shows the flexural strength of the HP series measured at 28 days. It was similar to 
what was observed in the compressive strength. The flexural strength of the HP 20 was higher 
than the other the other mixtures. However, the HP S5 had lower flexural strength compared 
with the others although it showed the better compressive strength at the same age. 
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HPTe HP 20 HP S5 HPL12 HP M8 
Figure 5. 37 - Comparison of flexural strength of control with binary/ternary system (HPC) 
The flexural strength can be correlated with the compressive strength. Table 5.20 shows the 
theoretical values estimated by the equation and the real value obtained from the test. It is 
noted that the equation (Carrasquilio et al., 1981) overestimated the flexural strength. 
Table 5. 20 - The comparison of calculated flexural strength with actual value - HPC series 
Concrete 
HPTe 
HP 20 
HPS5 
HPL12 
HPM8 
/,=0.94VZ (2M) (MPa) 
(Carrasquilio etal.,.1981) 
6.6 
7.1 
7.3 
6.8 
7.8 
Actual value 
(MPa) 
6.3 
6.8 
6.2 
6.7 
7.3 
Figure 5.38 shows a comparison of the tensile splitting strength of the HP series obtained at 
28 and 91 days. Typically, the tensile strength for each mixture was similar to the results of 
compressive strength. After 91 days of curing, the tensile strength of all the binary and 
ternary mixtures was enhanced and surpassed that of the control. The HP M8 had the highest 
strength at both 28 and 91 days. 
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Figure 5.38- Comparison of tensile strength at 28 and 91 days - HPC series 
Three experimental equations were performed to calculate tensile strength based on 
compressive strength. As shown in Table 5.21, using the equation of CSA S806 (2004a) may 
obtain the results that are most close to the real value. 
Table 5. 21 - The comparison of calculated tensile strength with actual value - HPC series 
Concrete 
HPTe 
HP 20 
HPS5 
HPL12 
HPM8 
Age 
28d 
91d 
28d 
91d 
28d 
91d 
28d 
91d 
28d 
91d 
ft= 0.273 x/c '2/3 (MPa) 
Comite Euro-International 
du Beton (CEB-F1P 1978) 
3.7 
3.8 
4.0 
4.3 
4.2' 
4.5 
3.8 
4.1 
4.6 
4.6 
ft= 0.6/1 V Z (MPa) 
CSA S806 (2004a) 
4.2 
4.3 
4.5 
4.8 
4.6 
4.9 
4.3 
4.6 
5.0 
5.0 
ft =0.6 + 0.06/; 
(MPa) BAEL 
3.6 
3.7 
4.0 
4.4 
4.2 
4.6 
3.7 
4.1 
4.8 
4.8 
Actual 
value 
(MPa) 
3.9 
4.3 
4.5 
4.8 
4.4 
4.8 
3.7 
4.7 
5.1 
5.2 
The modulus of elasticity values for the five mixtures measured at 28, 91 days and 1 year are 
shown in Figure 5.39. There is no clear evidence that WSA or the other three SCMs may 
significantly influence the modulus of elasticity behaviour. 
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• 28 days S 91 days S 1 year 
HPTe HP 20 HP S5 ' HPL12 HP M8 
Figure 5. 39 - Comparison of modulus of elasticity at 28 and 91 days - HPC series 
Two equations based on compressive strength were used to evaluate the theoretical modulus 
of elasticity. As shown in Table 5.22, the equation proposed by Gardner et al. (Gardner and 
Zhao, 1991) gave results much closer to the experimental data in this case. 
OC concrete 
Figure 5.40 shows the development of compressive strength with curing time. At young ages, 
the compressive strength diminished with increasing the WSA content. However, all the WSA 
mixtures surpassed the control at 7 days. The OC40 attained 38.4 MPa compared to the OC 
Te at 28.9 MPa at one year. It indicates that 40% is the best replacement level and can be 
considered for filed application not only for reducing the cost of concrete but also for 
sustainable environmental development. On the other hand, the strength development of the 
N. OC 30 was totally unlike that of concrete of the same composition but which used WSA07 
(compare with Figure 5.25). It should be noted that Plastol may enhance early strength. The 
strength of the OC Te was lower because SP was not used in this concrete. 
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Table 5. 22 - The comparison of calculated modulus of elasticity with actual value - HPC 
series 
Concrete 
HPTe 
HP 20 
HPS5 
HPL12 
HPM8 
Age 
28d 
91d 
ly 
28d 
91d 
iy 
28d 
91d 
iy 
28d 
91d 
iy 
28d 
91d 
iy 
v c
 2300 
(GPa)CSA A23.3(2004b) 
30 
31 
32 
33 
34 
36 
31 
33 
34 
30 
32 
33 
35 
35 
36 
£ c = 9 x ( / c ' ) , / 3 ( G P a ) 
(Gardner and Zhao, 1991) 
33 
34 
35 
35 
36 
37 
35 
37 
37 
34 
35 
36 
37 
37 
38 
Actual value 
(GPa) 
35 
37.5 
39.5 
36 
38.5 
40,5 
37 
37 
40.5 
35 
39 
41 
38.5 
41.5 
42.5 
0 5 10 15 20 25 30 35 40 45 
WSA content (%) 
Figure 5. 40 - Comparison of compressive strength of control with WSA concrete - OC series 
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The flexural strengths of each mixture at 28 days are shown in Figure 5.41. With the 
exception of N. OC 30, the other three concretes exhibited the tendency of having similar 
compressive strength. The theoretical values based on compressive strength were calculated 
and compared with the real tested data as shown in Table 5.23. With the exception of N. OC 
30, the estimated flexural strengths surpassed the real value but showed a similar tendency. 
O C T e O C 2 0 N. OC 30 OC40 
Figure 5 . 4 1 - Comparison of flexural strength of control with binary/ternary system - OC 
series 
Table 5. 23 - The comparison of calculated flexural strength with actual value - OC series 
Concrete 
OCTe 
OC 20 
N. OC30 
OC40 
/,=0.94VZ(28c/)(MPa) 
(Carrasquilio et al., 1981) 
4.6 
5.1 
5.1 
5.3 
Actual value 
(MPa) 
3.9 
4.3 
3.6 
4.5 
Figure 5.42 presents the comparison of tensile strength at 28 and 91 days. With the exception 
of the N.OC 30, the other WSA concretes revealed similar tensile strength tendency to that of 
compressive strength. Three equations were used to calculate the tensile strength based on 
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compressive strength of 28 days. The results are shown in Table 5.24. The equation given by 
the specification CSA S806 produced results very close to the experimental data. 
4 -i 
• 28d E91 d 3.6 3.6 
OC Te OC 20 N. OC 30 OC40 
Figure 5. 42 - Comparison of tensile strength at 28 and 91 days - OC series 
Table 5. 24 - The comparison of calculated tensile strength with actual value - OC series 
Concrete 
OCTe 
OC20 
N.OC30 
OC40 
Age 
28d 
91d 
28d 
91d 
28d 
91d 
28d 
91d 
ft= 0.273 x/c,2/3 (MPa) 
Comite Euro-Internation 
du beTon (CEB-FIP 1978) 
2.3 
2.5 
2.6 
2.8 
2.6 
2.9 
' 2.7 
2.9 
CSA S806 (2004a) 
2.9 
3.2 
3.3 
3.4 
3.2 
3.5 
3.4 
3.5 
ft = 0.6 + 0.06/; 
(MPa) BAEL 
2.0 
2.3 
2.4 
2.5 
2.3 
2.6 
2.5 
2.6 
Actual 
Value 
(MPa) 
2.5 
3.1 
2.9 
3.2 
3.1 
3.6 
3.4 
3.6 
The comparison of modulus of elasticity of OC concrete at 28, 91 days and one year is 
displayed in Figure 5.43. Like the other mechanical strengths, the modulus of elasticity of OC 
concrete increased with increasing the WSA content. Of the two theoretical equations as 
shown in Table 5.25, the formula provided by Gardner and Zhao (Gardner and Zhao, 1991) 
showed closer results to the actual value. 
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• 28 days ® 91 days S 1 year 
OCTe OC20 N. OC 30, OC40 
Figure 5. 43 - Comparison of modulus of elasticity at 28 ant 91 days - OC series 
Table 5. 25 - The comparison of calculated modulus of elasticity with actual value - OC 
series 
Concrete 
OCTe 
OC20 
N.OC30 
OC40 
Age 
28d 
91d 
iy 
28d 
91d 
iy 
28d 
91d 
iy 
28d 
91d 
iy 
yjc A 2 3 0 0 
(GPa)CSAA23.3(2004b) 
21 
22 
23 
24 
25 
25 
25 
26 
26 
24 
25 
26 
£ c = 9 x ( / ; ) 1 / 3 ( G P a ) 
(Gardner and Zhao, 1991) 
26 
27 
28 
28 
29 
29 
28 
29 
29 
28 
29 
30 
Actual value 
(GPa) 
25 
28 
29 
29.5 
'31 
33 
32 
33 
33.5 
30 
32.5 
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5.4.5 Drying shrinkage 
HP Concrete 
The drying shrinkage strains were determined over a period of 252 days. Figure 5.44 shows 
that all the binary and ternary concrete developed less drying shrinkage compared to that of 
the control. The HP M8 had a significant effect on reducing the drying shrinkage followed by 
the HP S5 and the HP LI2, and the HP20. Thus, we may draw the conclusion that drying 
shrinkage was truly affected by introducing SCMs with the ternary system. It should be noted 
that, while the specimens were stored in water for the first 28 days, there was a notable 
expansion in all of the five mixtures. This phenomenon could have contributed to 
counteracting the contraction effect of shrinkage. 
0 14 28 42 56 70 84 98 112 126 140 154 168 182 196 210 224 238 252 
Elapsed time (days) 
Figure 5. 44 - Drying shrinkage of HPC mixtures 
Generally, drying shrinkage is caused mainly by the loss of free water and the removed 
adsorbed water, which is held by hydrostatic tension (Laldji and Tagnit-Hamou, 2006). In fact, 
the increase of drying shrinkage was accompanied with the decrease of ma§s in each 
specimen with time according to the experimental data. Furthermore, the lower drying 
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shrinkage may be caused by the more impermeable matrix of concrete. For instance, HP M8 
had the lowest of shrinkage of five mixtures. Meanwhile, it also had the lowest permeability 
compared within the HPC series which is shown later in Figure 5.48. The lower permeability 
leads to the prevention the free water evaporating from inside the concrete. 
OC concrete 
The drying shrinkage of the OC series was measured up to 252 days after casting. As seen in 
Figure 5.45, the drying shrinkage increased with increasing the WSA dosage. The control had 
the lowest shrinkage of all the OC concrete. In addition, the initial expansion of specimens 
over the first 28 days was due to the procedure of immersing the samples in lime-saturated 
water. This expansion may be helpful in limiting the contraction during drying when air 
curing is started. 
Generally, the required w/b to hydrate Portland cement is 0.42 (Ai'tcin, 2007). OC concrete 
with a w/b of 0.55 means more free water existed in the system. In addition, the paste volume 
and the porosity as key factors also directly influenced the drying properties of the concrete. 
The concrete incorporating WSA had more paste volume than that of the control. Thus, the 
former had more shrinkage over the curing period. Additionally, it is inferred that the 
increased drying shrinkage may be associated with the higher calcium content contained in 
the WSA. Yuan and Cook (Yuan and Cook, 1983a) concluded that the replacement of cement 
by a higher calcium fly ash has slightly increased the drying shrinkage. Furthermore, similar 
conclusions may be obtained by CANMET (Carette and Malhotra, 1987) for concretes 
incorporating fly ash of high calcium content. The concrete applied a w/b of 0.50, and 11 
types of fly ash were tested. The concrete incorporating the highest calcium fly ash presented 
a higher drying shrinkage over the whole observation period. Thus, the comparatively higher 
calcium content in WSA may contribute to an increase in the drying shrinkage as well. Also, 
the high drying shrinkage may also relate to the permeability. The more permeability of a 
sample, the more drying shrinkage it will have. 
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Figure 5. 45 - Drying shrinkage of OC mixtures 
5.4.6 Autogenous shrinkage 
Autogeneous shrinkage refers to the shrinkage of concrete that occurs as water is removed 
internally by a chemical combination during the hydration of cement, in a moisture-sealed 
state. It is related to hydration shrinkage and capillary shrinkage (Wittmann, 1976). Generally, 
this shrinkage is the consequence of the withdrawal of water from the capillary pores by the 
reaction of the unhydrated cement, a process known as self-desiccation. Three types of 
concrete were designed for this test using the w/b as 0.40 as shown in Table 5.26: 
Table 5. 26 - The composition of mixtures designed for autogenous shrinkage (w/b = 0.40) 
Composition (kg/m3) 
Cement GU 
WSA 
Sand 
Aggregate (20mm) 
Plastol (in dry extract % of binder) 
AireX-L(ml/.100kg) 
Control 
400 
0 
703 
1070 
0.1829 
40 
WSA20 
320 
80 
690 
1070 
0.217 
70 
WSA40 
240 
160 
676.4 
1070 
0.3007 
170 
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Figure 5.46 shows the autogenous shrinkage of three mixtures. It is shown that the WSA 
concrete exhibited similar/less shrinkage compared to the control. In particular, the WSA40 
remarkably reduced the autogenous shrinkage. As shown in Figure 5.46 (b), within the first 
12 hours, a remarkable expansion occurred in the WSA40 specimens. The appearance of 
expansion at early age could contribute to counteracting the contraction effect of subsequent 
shrinkage. This expansion slightly decreased to zero as shown in the graph by increasing the 
time to about 18 days. 
It is assumed that the reduction of autogenous shrinkage of high content WSA concrete is due 
to the SO3 and CaO contained in WSA. The author (Tangtermsirikul, 1998) used three types 
of Class C fly ash and one kind of Class F fly ash to investigate the effect of chemical 
compositions on autogenous shrinkage. The result indicated that the use of high calcium fly 
ashes resulted in a smaller autogenous shrinkage than those containing Class F fly ash, 
especially when the replacement percentage was large and when the SO3 content in the fly 
ash was high. This can be explained based on the special characteristics of a high SO3 content 
(such as 1.64-1.86%) found involving in the sample fly ash. Thus, the chemical expansion 
compensates the autogenous shrinkage. Moreover, the author also pointed out that not only 
the SO3 content in the fly ash but also the fly ash replacement percentage had an effect on 
chemical expansion. The more the fly ash in the mixture, the larger the chemical expansion 
was obtained. Thus, the less autogenous shrinkage would occur. On the other hand, Ghafoori 
(Ghafoori, 1998) showed the hydration of lime to calcium hydrate resulted in a nearly 100% 
mole volume expansion. 
Returning to this study, the decreased autogenous shrinkage of the WSA40 was caused by the 
relatively high CaO, SO3 content in the WSA and the higher replacement level. However, the 
WSA20 didn't reveal a shrinkage as small as that of the WSA40 because the former (which 
contained less WSA) would generate less chemical expansion. As a result, the autogenous 
shrinkage of the WSA20 was comparable to that of the control and higher than that of the 
WSA40. Furthermore, it should be noted that when comparing the autogenous shrinkage of 
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the WSA20 with the drying shrinkage of HP 20 (Figure 5.44), of which the two samples 
actually contained the same composition, the former was negligible. Specifically, the 
autogenous shrinkage of the 20WSA at about 196 days was about 0.018% compared to 
0.043% drying shrinkage of the HP 20 observed at approximately the same time. 
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Figure 5. 46 - Autogenous shrinkage of WSA concrete (w/b = 0.40): (a) until 203 days; (b) 
within 20 days 
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5.4.7 Resistance to rapid chloride-ion penetration (RCP) 
HP Concrete 
The Rapid chloride-ion permeability (RCP) test is to evaluate the ability of concrete to resist 
ingress of chloride ions which can result in a significantly more durable concrete. The RCP 
values of five HPC mixtures measured at 28 and 190 days and one year, are compared in 
Figure 5.47. The data show that the permeability of each HPC concrete decreased notably 
with increasing curing time. In particular, the binary and ternary mixtures had excellent 
performance in resisting the chloride-ion penetration than that of the control. The 
permeability of ternary concrete was "very low" as specified in ASTM CI202 (see Table 4.1) 
after one-year measurement. In addition, the HP 20 experienced a dramatically decreased 
permeability from 28 days to 91 days and its permeability level was "low' at one year. It is 
assumed that the fine particles of WS A or SCMs may act as "filler" to seal the complicated 
capillary chains inside the matrix thus making the concrete paste more impermeable. 
OC concrete 
The RCP values of the OC series measured at 28, 190 days and one year are compared in 
Figure 5.48. With the exception of N. OC 30 which used a different batch of WSA, the 
concrete made with WSA had an excellent effect on reducing the permeability, which is 
conclusive parameter to influence the durability of concrete. The OC 20 and OC 40 
developed a lower degree of permeability compared to the control at any curing. In particular 
the OC 40, even under the high w/b ratio, achieved a very low permeability after one year 
curing. This indicates that the WSA may well refine the pores and capillary chains to be 
disconnected. Also, the high activity of the WSA can generate denser matrix in concrete. It is 
assumed that high replacement level of WSA concrete may have excellent durability 
performance due to the lower permeability even at high w/b. 
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HPTe HP 20 HPS5 HPL12 HPM8 
Figure 5. 47 - The resistance to RCP test of HPG 
"£ 8000 • 28 days m 190 days • 1 year 
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Figure 5. 48 - The resistance to RCP test of OC 
5.4.8 Air-void parameters of hardened concrete 
Generally, entrained air in concrete is defined as air intentionally incorporated by means of a 
suitable agent. Because the damaging action of freezing and thawing involves expansion of 
water on freezing, it is logical to expect that, if excess water can readily escape into adjacent 
air-filled voids, damage of concrete will not occur (Neville, 1996). The limit which ensures 
the efficacy of air entrainment is a maximum distance which the escaping water has to travel. 
This distance generally evaluated by a spacing factor (Z), is determined by a test method 
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prescribed in ASTM C 457. Powers (Powers, 1954) advised that an average spacing of 250 
urn between the voids is required for full protection from frost damage. Presently, a value of 
distance no more than 200 um and a specific volume (a) greater than 24 mm"1 are usually 
recommended by ACI (ACI Committee, 2004). Indeed, Canadian standards (2005a) 
recommended a maximum spacing factor of 230 urn and the air volume in hard concrete 
maybe greater than or equal to 3% when the minimum compressive strength is higher than 50 
MPa at 28 days. 
HP Concrete 
The Table 5.27 summarizes the air volume in fresh and hardened concrete, air-void system 
parameters, frost durability coefficient and de-icing salt scaling residues of HPC. It can be 
seen that the air volume in hardened concrete of the HPC series equalled or exceeded 3%. 
Although the HPC lost significantly more air volume compared with the fresh concrete data, 
all the compressive strengths of the HPC series were more than 50 MPa at 28 days as 
illustrated in Figure 5.36. Consequently, the HPC mixtures still showed better resistance to 
freezing-thawing. Additionally, with the exception of the HP 20, the other four types of 
concrete had the L lower than 250um. In particular, the spacing factor of HP S5 was as low 
as 185 um. On the other hand, because the total volume of voids affects the strength 
behaviour of the concrete, the air bubbles should be as small as possible. Generally, the 
parameter of specific surface, a (mm2/mm3), is used to express the size of bubbles. For 
air-entrained concrete of satisfactory quality, the specific surface of voids is in the range of 
approximately 16 to 24 mm"1 (Neville, 1996). In this study, the HP concrete exhibited good 
air-void parameters with all the specific surfaces ranging from 23.9 to 30.4 mm" . 
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Table 5. 27 - Air-void system, frost durability, and de-icing salt scaling - HPC series 
Mixtures 
Fresh air volume at 10 min, (%) 
at 30 min, (%) 
Hardened air volume, (%) 
Specific surface, CC , (mm'1) 
Spacing factor, L , (um) 
Mass change, (%) 
Elongation, AL/L, (um/m) 
Durability coefficient, (%) 
Scaling residue, (g/m2) 
HPTe 
9 
6.9 
HP 20 
6.6 
5.5 
HPS5 
11 
8 
HPL12 
6.7 
5.8 
HPM8 
6.7 
5.4 
Air-void system 
3.3 
24.9 
245 
2.8 
23.9 
282 
4.4 
30.4 
185 , 
3.5 
28.1 
216 
3.1 
25.4 
250 
Frost durability (14 days) 
-0.7 
-10 
112 
-1 
50 
109 
-1.4 
80 
108 
-1 
62 
101 
-0.6 
138 
97 
de-icing salt scaling (28 days) 
66 157 169 121 437 
OC concrete 
The summary of air-volume system, frost durability and scaling (28 days) with the OC series 
is shown in Table 5.28. 
Table 5. 28 - Air-void system, frost durability, and de-icing salt scaling - OC series 
Mixtures 
Fresh air volume at 10 min, (%) 
at 30 min, (%) 
Hardened air volume, (%) 
Specific surface, a , (mm1) 
Spacing factor, L , (um) 
Mass change, (%) 
Elongation, AL/L, (um/m) 
Durability coefficient, (%) 
Scaling residue, (g/m2) 
OCTe 
8.4 
7.7 
OC20 
6.8 
6 
OC40 
8 
6.2 
N. OC 30 
8 
4.4 
Air-void system 
7.4 
26.8 
150 
4.7 
23.6 
227 
2.6 
22.7 
307 
1.5 
23.4 
383 
Frost durability (14 days) 
-1.6 
112 
99 
-2.7 
288 
98 
-2.8 
272 
99 
-1.7 
226 
106 
De-icing salt scaling (28 days) 
327 366 1658 3414a> 
a>
 This test was ended at the end of 21 frost cycles due to high scaling residues. 
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It was found that the WSA concrete had severe unstable air volume. For example, the air 
volume of the OC 40 decreased from 6.2% in the fresh state to 2.6% in hardened concrete. 
Moreover, only the OC Te and OC 20 had the spacing factor of less than 250' um suggested 
by Powers (Powers, 1954). The specific surface of WSA mixtures was lower than 24 mm"1, 
which indicated that relatively larger air bubbles were present. 
5.4.9 Resistance to freezing and thawing 
HP Concrete 
Freezing and thawing tests were initiated at the age of 14 days for the HPC. Most of the HPC 
mixtures exhibited excellent durability with frost durability factors varying from 97 to 112% 
after 300 cycles (Table 5.27), which further surpassed 60% set by ASTM C 666. The main 
parameters that influence the resistance to freezing and thawing are air content and the air 
void factor. The illustrated figure 5.49 shows the spacing factor and the durability factor for 
each mixture. It should be noted that the binary system of HP 20 revealed interesting results: 
although it had the largest spacing factor (282 urn), its durability coefficient was the highest 
compared with the binary and ternary systems. It should be also be pointed out that the HP 20 
had the lowest content of air volume in hardened concrete (2.8%) and the smallest specific 
surface (23.9 mm"1) compared to the other four mixtures. However, the reason that the HP 20 
appeared to have better frost resistance is thought to be related to its extremely high early 
strength. As shown in Figure 5.36, the strength of the HP 20 was around 46 MPa after 7 days. 
Therefore, it is assumed that the excellent durability factor of the HP 20 contributed primarily 
by its strength. Even though the air-void distribution was not satisfactory, the relatively high 
early strength may have assisted the HP 20 to resist the deterioration due to freezing and 
thawing. 
OC concrete 
The relationship between the durability coefficient and the spacing factor of the OC series is 
shown in Figure 5.50. All the tested specimens developed an adequate resistance to freezing 
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and thawing (frost durability coefficient superior to 60%). Even with a higher spacing factor 
of the N. OC 30 (383 urn), its durability factor was the best of all the mixtures. As seen in 
Figure 5.40, the N. OC 30 concrete had the highest strength around 7 days. In other words, 
even with a relatively unsatisfactory air-void system in the hard concrete, the mixture had 
enough strength to resist the effects of freezing and thawing. A similar result was found with 
the OC 40. 
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Figure 5. 50 - Comparison of frost durability coefficient and spacing factor of various OC 
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5.4.10 Resistance to scaling 
HP Concrete 
According to BNQ 2621-900 (1994a), a concrete is considered resistant to scaling when the 
average scaled residue mass measured on two slabs does not exceed 500 g/m2 after 56 cycles 
of freezing and thawing. Figure 5.51 shows the collected scaling residues of the HPC. It is 
observed that all the HPC concrete satisfied the demand of de-icing scaling resistance. All the 
scaling residues at both 28 and 91 days measurement were less than 500 g/m2. The HP Te had 
the least scaling residues of the five mixtures. It should be pointed out that the HP 20 
displayed comparative results as the HP S5. The HP M8 had relatively high cumulated 
residues at 28 days. However, the amount of residues greatly decreased after 91 days curing. 
Moreover, the adequate air-void parameters would provide a good protection to the concrete 
against repeated cycles of freezing and thawing, but they could not prevent scaling of the 
concrete surface due to the combined effect of freezing-thawing and the action of a de-icing 
salt. The air-void parameters were tested by specimens cut from the concrete cylinders, and 
these may be different from the slab specimens, especially at their top surface. The finishing 
process of the slabs may have considerably modified the air-void system, and thus made it 
inadequate to withstand the freezing and thawing action in the presence of a de-icing salt 
(Bilodeau et al., 1994). This could also explain the poor performance of the HP LI2 in the 
de-icing salt-scaling test at 91 days. 
OC concrete 
The cumulated mass of scaling residues of the OC mixtures are shown in Figure 5.52. It 
should be noted that the testing of slabs made with WSA08 (N. OC 30) had to end after 21 
freezing and thawing cycles because the scaling residues had already surpassed 3000 g/m . 
The scaling resistance of the WSA concrete was reduced with increasing the WSA content. 
As shown in Figure 5.52, at the end of 56 freezing and thawing cycles the scaled residues of 
the OC 20 were around 500 g/m2 which was suggested by BNQ 2621-900 (1994a). The 
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unfavourable results obtained from the OC 40 were related to its poor air-void system. It 
should be noted that the high w/b (0.55) is also another significant factor that can affect 
scaling resistance. 
21 28 35 42 
Number of freeze-thaw cycles 
HP Te 28d 
HP Te 91d 
HP 20 28d 
HP 20 91d 
HP S5 28d 
HP S5 91d 
HP L12 28d 
HPL12 91d 
HP M8 28d 
HP M8 91d 
63 
Figure 5. 51 - The cumulated scaling residues of HPC tested at 28 and 91 days 
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Figure 5. 52 - The cumulated scaling residues of OC series tested at 28 and 91 days 
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5.4.11 Resistance to alkali-silica reaction (ASR) 
Both of the mortar bars and concrete prisms were prepared to evaluate the deterioration of 
ASR according to CSA standard. The mixtures were not the same as the HPC or OC series. 
The designed composition used in this test is provided in Table 5.29 and Table 5.30 for 
mortar bars and concrete prisms, respectively. 
This accelerated mortar test determines the potential deleterious expansion due to the 
alkali-silica reaction involving hydroxyl ions associated with the alkalis (sodium and 
potassium) by measuring the increased changes in length of the mortar bars during storage 
under the prescribed conditions according to the standard CSA A23.2-25A. The observed 
expansion of the mortar bars is shown in Figure 5.53. It appeared that all the mortar bars 
expanded with increasing time. The expansion evolution of WSA20 was similar to the result 
of the control. However, as seen in the results for the WSA40 bars, the ASR expansion 
slightly decreased compared to that of the WSA20. Thus, increasing WSA content in the 
mixture may be helpful in reducing the expansion due to ASR. Although both the Control and 
WSA mortar bars surpassed the recommended limit (0.10% at 14 days) provided by CSA, it 
was uncertain whether the deleterious expansion due to ASR will occur when applying WSA 
in structures. 
Table 5. 29 - Compositions of mortar bars used for ASR test (w/b = 0.5) 
Cement GU (g) 
WSA (g) 
Sp
ra
tt(
g) 
Ag
gr
eg
ate
/B
in
de
r 
=
 
2.2
5 
2.5~5mm 
1.25~2.5mm 
630um~1.25mm 
315~630um 
160~315um 
Control 
450 
0 
101.25 
253.125 
253.125 
253.125 
151.875 
WSA20 
360 
90 
. 101.25 
253.125 
253.125 
253.125 
151.875 
WSA40 
270 
180 
101.25 
253.125 
253.125 
253.125 
151.875 
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Table 5. 30 - Compositions designed for ASR test (w/b = 0.45) 
Cement GU 
WSA 
Silica fume 
Sand ( 0 - 5 mm) 
Spratt Aggregate (5 ~ 20 mm) 
Spratt Aggregate (5 ~ 10 mm) 
Spratt Aggregate (10 ~ 14 mm) 
Spratt Aggregate (14 ~ 20 mm) 
NaOH 
Plastol(% by binder) 
Slump at 10 min (mm) 
Composition (kg/m3) 
Control 
420 
0 
0 
713 
1070 
357 
357 
357 
2.808 
-
-
WSA20 
336 
84 
0 
707 
1061 
354 
354 
354 
2.246 
-
-
WSA40 
252 
168 
0 
702 
1053 
351 
351 
351 
1.685 
0.114% 
100 
WSA20SF5 
315 
84 
21 
704 
1057 
352 
352 
352 
2.106 
0.148% 
105 
Furthermore, the application of WSA in the concrete phase needs to be tested. As mentioned 
in CSA A23.2-28A (2005b), in the case of the resulting disagreement between the expansion 
of the mortar and the concrete, the effect of material on ASR will be evaluated by taking the 
results from the concrete as predominant. 
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Figure 5. 53 - Expansion of mortar bars due to ASR 
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Figure 5.54 shows the expansion of concrete prisms containing various proportions of WSA 
(0, 20% and 40%) and one type of ternary mixture which used 20% WSA plus 5% silica fume 
(WSA20SF5). The expansion criterion of the CSA is recommended to be 0.04% at the end of 
a 2-year observation. The last measurements were taken at the end of 78 weeks. The 
specimens will be measured continuously until they reach the age of 2 years. 
It is shown that the expansion of the WSA20 was similar to that of the control. At the end of 
78 weeks, the expansion of the WSA40 (0.023%) was similar to the ternary containing silica 
fume (0.017%), compared with that of the control (0.224%) and the WSA20 (0.163%), 
respectively. The ASR expansion was significantly reduced with the utilization of WSA and 
silica fume. Similar results were found in the study (Shehata and Thomas, 2002) with a CH 
fly ash containing higher calcium (CaO: 27.71%) and alkali content (1.65% of Na^Oeq.)- The 
results showed the ternary blended silica fume may dramatically reduce expansion. For 
instance, the author found that the 2-year expansion value was reduced from 0.138% to 
0.026%) by adding 5% SF to the sample mixture containing 30% ash; the value was 
significantly lower than the expansion value of the control sample. It should be noted that 
silica fume was considered as a particularly effective SCM to restrict the expansion due to 
ASR because the silica fume reacts better with the alkalis. Consequently, the WSA can be 
also considered as an effective new SCM to inhibit expansion from ASR with a higher 
content (such as 40%). Generally, it has been found that concrete blended with fly ashes were 
most efficient in reducing the alkalinity of the pore solution (Shehata, 2001). Likewise, from 
the permeability point of view, WSA can well reduce the permeability especially when a 
higher dosage is applied (Figure 5.48). Therefore, the denser matrix of WSA paste diminished 
the mobility of aggressive agents such as the alkali ion which existed in the pore solution. 
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Figure 5. 54 - Expansion of concrete prisms containing WSA due to ASR 
It should be mentioned that different expansion results were obtained from mortar bars and 
concrete prisms for the two mixtures of WSA20 and WSA40. Some researchers (Shehata and 
Thomas, 2000) have found that it is reasonable to conclude that the material combinations 
that had a mortar bar expansion value of > 0.1% at 14 days will not meet the criterion 
expansion of 0.04% (2-year) from the concrete prism test. Although the expansion of WSA40 
mortar bar exceeded 0.1% at 14 days, the expansion of the WSA40 concrete was lower than 
0.4% until 78 weeks. Measurements will be continuously taken, observed and compared with 
the results of the mortars. 
5.4.12 Resistance to sulphate attack 
The resistance to sulphate attack is one of the significant factors in designing more durable 
concrete. As mentioned in Chapter 4, this behaviour was estimated by evaluating the length 
changes of mortar bars subjected to a sulphate solution. Three mixtures were tested and their 
compositions are shown in Table 5.31 as follows: 
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Table 5. 31 - Compositions of mortars fabricated for test of sulphate attack 
Control 
20WSA 
40WSA 
Composition (g) 
Cement GU 
950 
760 
570 
WSA 
0 
190 
380 
Sand 
2612.5 
2612.5 
2612.5 
w/b 
0.485 
0.5223 
0.5426 
Fresh state 
Temp. (°C) 
25.1 
25.4 
26.3 
Flow (cm) 
18.25 
18.25 
18 
Figure 5.55 shows the expansion of mortar bars with respect to sulphate attack until 256 days. 
The recommended maximum limit of 0.1% for moderate sulphate resistance (ASTM C 618 
(2003 a)) is associated with exposure for 6 months. From the graph, the expansion of three 
bars immersed in sulphate solution didn't surpass the limitation until the end of 6 months 
(180 days). However, the expansion of the WSA40 and WSA20 dramatically increased after 
about 183 and 210 days, exceeding the maximum limit of 0.1%. After 256 days, the WSA 
specimens were visually observed to have disintegrated in various degrees and were bent with 
large cracks throughout the bars. In contrast, the control expanded to a lesser degree, and was 
less than the criterion of 0.1% until the end of testing. Furthermore, at the young age (within 
about 92 days), the WSA40 revealed less expansion than that of the WSA20, whereas, this 
trend was reversed over a long time. To compare with the two WSA mortars, it seems that the 
long-term expansion is due to the fact that the sulphate attack increased with increasing the 
WSA content. 
According to (O'Farrell et al., 1999), sulphate content, glass content, and chemistry oxides are 
the principal factors in determining the effectiveness of a material in resisting sulphate 
expansion. In particular, the calcium content plays an important role in sulphate expansion. 
According to Tikalsky and Carrasquillo (Tikalsky and Carrasquillo, 1993), the amount of 
calcium in the glass determines both the glass dissolution rate by CH and the nature of the 
reaction products. Fly ash with low-calcium undergoes a long-term pozzolanic reaction to 
produce C-S-H gel and low-calcium aluminate hydrates, whereas fly ash with high-calcium 
releases calcium aluminates, which are readily available to directly form expansive calcium 
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sulpha-aluminates in the presence of sulphates. Moreover, the high gypsum (anhydrite) 
content might be expected to increase the deterioration rate of mortars in sulphate 
environments, since they have a natural inbuilt SO3 content. However, the author (O'Farrell et 
al., 1999) has tested four ground bricks of different chemical composition. The test showed 
that the mortar which contained the highest S03 content had the best resistance to sodium 
sulphate solution of all the samples. Thus, the author concluded that in the case of an 
increased initial SO3 content, the normally damaging expansion due to sulphate reaction will 
be promoted and accelerated, thus permitting it to take place at a very early stage. This 
expansion probably happened immediately after mixing when the mortar was still in a highly 
plastic state, thus no severe damage occurred to the mortar bars. 
Returning to this study, at the young age, the relatively high level of the initial SO3 contained 
in the WSA40 (because of highest WSA content) accelerated the sulphate expansion when the 
mortar was still plastic. In contrast, over a long time, the higher calcium in the WSA40 was 
the primary cause of the fatal damage to the mortar bars due to the severe expansion of 
sulphate attack. 
0 14 28 42 56 70 84 98 112 126 140 154 168 182 196 210 224 238 252 266 
Elapse time (days) 
Figure 5. 55 - Sulfate expansion of control and WSA mortar bars 
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6 VALIDATION AND PROPERTIES OF IN-SITU CONCRETE 
INCORPORATING WSA 
6.1 Scope of the Project 
The properties of WSA mixtures were investigated via paste, mortar and concrete through 
extensive studies conducted in the lab as described in Chapter 5. In terms of the several 
interesting outcomes of applying such new material, it is necessary to validate the in-situ 
properties of WSA concrete mixtures. 
This project was performed by incorporating 25% of WSA into concrete. The replacement 
ratio of 25% was chosen in consideration of both mechanical and durable properties. 
Although 20% was the optima ratio (when w/b equals 0.4) in mechanical properties as 
described in section 5.4.4, the increase of WSA content was beneficial to obtain durable 
behaviours of concrete (as seen in section 5.4.7 to 5.4.11). Consequently, the 25% was 
selected to be used in field application. Another type of concrete was made with 100% 
Portland cement (GU) as the control in order to estimate its performance and to compare it 
with WSA concrete. The concrete was produced by the company Les Carrieres de 
St-Dominique Ltee. They also assumed responsibility for the supervision of the quality of the 
concrete. The finishing and curing of the in-situ concrete were conducted by workers from 
Kruger Inc. Two types of concrete were defined as KS Te (control) and KS CV (25% WSA 
concrete). The concrete was cast on three continuous slabs at the Brampton Mill. As shown in 
Figure 6.1, sites number one and number three were cast by using the control. On the other 
hand, WSA concrete was cast at where number two is marked in the photo. 
The requirement tests are summarized in Table 6.1. The concrete was taken from the concrete 
distribution trucks and then moulded manually (Figure 6.2). After 24 hours, all the samples 
were sent and cured in the lab at the University of Sherbrooke. After about 6 months, three 
core samples were taken in-situ (one sample of the KS Te and two specimens of the KS CV). 
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The positions where the core samples were taken are illustrated in Figure 6.3. 
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Figure 6. 1 - Construction site at the Brompton Mill 
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Figure 6. 2 - Sampling from the distribution truck (a) and the moulds (b) 
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Figure 6. 3 - The positions where the core samples were taken 
Table 6. 1 - The designed tests for in-situ concrete 
State 
Fresh 
H
ar
de
ne
d 
Mechanical 
properties 
Durability 
properties 
C jre sampling 
Test Name 
Slump 
Air volume 
Unit weight 
Temperature 
Compressive 
strength 
Flexure 
strength 
Splitting tensile 
strength 
Modulus of 
elasticity 
Chloride 
penetration 
Air-voids 
system 
Freezing and 
thawing 
De-icing salt 
scaling 
Abrasion 
strength 
Compressive 
strength 
Chloride 
penetration 
Test Age 
Before casting 
Before casting 
Before casting 
Before casting 
1,7,28,91 days 
and 1 year 
28 days 
28 and 91 days 
28 and 91 days 
28 and 91 days 
28 days 
14 and 91 days 
28 and 91 days 
28 and 91 days 
190 days 
190 days 
Size/volume of 
specimen 
-
- 7 / 
~ll 
- . 
100 x 200 mm 
400 x 100 x 
100 mm 
100 x 200 mm 
100 x 200 mm 
100 x 200 mm 
100 x 200 mm 
350 x 75 x 75 
mm 
250 x 200 x 
75 mm 
150 x 300 mm 
50 x 100 mm 
95 x 50 mm 
Exposure 
conditions 
and remarks 
-
-
-
-
Moist curing 
100% RH, 
23 ± 2 °C 
6 h at 60 volts 
-
300 cycles 
56 cycles 
3% NaCl 
-
-
-
"
;
 With the exception of the core sampling taken in-situ, the test samples were cured in the laboratory. 
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6.2 Properties ofWSA Slab Compared to PC Slab 
6.2.1 Design of concrete mixtures 
The design of two mixtures cast in-situ slabs is shown in Table 6.2. The w/b applied was 0.40. 
Due to the extremely fine particles, the KS CV mixture required a larger dosage of 
superplasticizer than that of the control. 
Table 6. 2 - The designed concrete mixtures used in-situ (w/b = 0.4) 
Composition 
Cement GU (kg) 
WSA(Kruger)(kg) 
Water (kg) 
Sand (0-5mm) (kg) 
Corse aggregate (5-20mm) (kg) 
AireX-L (ml/lOOkg binder) 
Plastol 5000 (ml/m3) 
Quantity for 1 m3 
KSTe 
381 
0 
153 
627 
1020 
115 
1500 
KSCV 
290 
97 
155 
614 
1034 
105 
1800 
6.2.2 Properties of the fresh concrete 
As soon as the trucks arrived at the construction site (approximately 30 minutes after the 
binder had contact with water), we conducted several tests to evaluate the properties of the 
fresh properties of the concrete. Simultaneously, the supervisor from the St-Dominique 
Construction Company also tested the fresh properties. The results are summarized in Table 
6.3. A slight difference of air content was reported between our results and those from 
St-Dominique. The slumps obtained by two experimental operators were the same: 230 mm 
for both the control and the WSA concrete. It should be pointed out that it was a very hot day 
(~ 27 °C) when the project was performed (in August 2007). Therefore, the setting of the 
concrete was extremely accelerated especially with the influence of the WSA which has a 
higher specific surface area, as described in Chapter 5. Furthermore, unfavourable influence 
on the finishing procedure as well as on the lifespan of those slabs would be inferred because 
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of the quick setting. 
Table 6.3 - Fresh properties of two slabs 
Air content (%) 
Slump (mm) 
Temperature 
of concrete. (°C) 
Environmental 
temperature (°C) 
Density (kg/m3) 
Supervisor 
U de S "; 
Supervisor 
U d e S 
Supervisor 
U d e S 
Supervisor 
U d e S 
U d e S 
KSTe 
9 
7.8 
230 
230 
25 
25.8 
25 
26.7 
2181 
KSCV 
9.3 
8 
230 
230 
26.5 
27.8 
25 
26.7 
2190 
U de S: University of Sherbrooke 
6.2.3 Mechanical properties 
The compressive strength measured by three cylinders following each of the different curing 
ages is shown in Table 6.4. Other data regarding compressive strength (only at 7 days) were 
obtained by the concrete supervisor as well. In addition, the compressive strength of the core 
samples was tested at 190 days. 
Table 6. 4 - Compressive strength of lab-cured samples and core samples 
Age 
KSTe 
KSCV 
U d e S 
Supervisor 
U d e S 
Supervisor 
f'c - Curing in lab (MPa) 
lday 
19.4 
-
21.3 
-
7 days 
27.4 
29.1 
34.6 
34.5 
28 days 
33 
-
44.7 
-
91 days 
36.1 
-
48 
-
439 days 
40.3 
-
52.7 
-
f'c - Core sampling 
(MPa) 
190 days 
17.7 
-
KSCV1:25.7 
KS CV2: 35 
-
Unlike traditional fly ash concrete, the WSA concrete showed more increase of resistance 
than that of the control in all test ages, even at the young age. The strength of the WSA 
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concrete was 1.35 times as high as that of the control at 28 days and about 1.3 times as high 
after one year. Also, the compressive strength of the KS CV at 7 days tested by the concrete 
maker was the same as the result obtained in our lab. 
However, upon comparing the compressive strength of the core samples with the cylinders 
cured in the lab at approximately the same period, a significant difference was found between 
those two results. The difference was probably caused by poorer consolidation. As mentioned 
before, the WSA was extremely finer and the early hydration of the WSA concrete was 
relatively intensive. Also, the environmental temperature was as high as 27°C. The 
temperature of the fresh KS CV reached 28°C before placing. Several factors resulted in the 
rapid setting of the concrete after pouring it on the ground. Consequently, it was more 
difficult to vibrate the concrete more homogenously. In addition, the workers from Kruger Inc. 
lacked professional experience about pouring the concrete in-situ. Therefore, the improper 
vibration of the stiff concrete caused holes to be formed throughout the slab (Figure 6.4). This 
might explain the notable difference of compressive strength between in-situ concrete and 
lab-curing samples. 
Figure 6.4- Coring samples - control & WSA concrete (the big hollow holes were present 
throughout the KS CV specimens) 
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The results of the flexural strength obtained at 28 and 91 days are shown in Table 6.5. Also, 
the flexural strength calculated based on compressive strength (f'c) are also shown in the 
same Table. The KS CV had better resistance on flexural strength than that of the control. 
Table 6. 5 - The comparison of actual flexural strength with calculated values 
Concrete 
KSTe 
KSCV 
Age 
28 d 
91 d 
28 d 
91 d 
Actual value 
(MPa) 
6.3 
6.1 
5.9 
6.1 
fr =0.94^7: 
(Carrasquilio et al., 1981) (MPa) 
5.4 
5.6 
6.3 
6.5 
The actual values and estimated results (based on compressive strength) of splitting strength 
are shown in Table 6.6. It is seen that tensile strengths of the WSA concrete were superior to 
that of the control at both 28 and 91 days. Additionally, the formula proposed by CSA S806 
had better compatibility with the real values compared to that of BAEL. 
Table 6.6 - The comparison of actual tensile strength with calculated values 
Concrete 
KSTe 
KSCV 
Age 
28d 
91d 
28d 
91d 
Actual 
value 
3.3 
3.5 
3.7 
AA 
ft = 0 . 6 ^ 
CSA S806 (2004a) (MPa) 
3.4 
3.6 
4 
4.2 
/, =0.6 + 0.06/; 
BAEL (MPa) 
2.6 
2.8 
3.3 
3.5 
The modulus of elasticity of the two mixtures is shown in Table 6.7. The evaluated data based 
on compressive strength are also given in the same Table. The WSA concrete displayed better 
behaviour than the control. The results obtained from the formula recommended by Gardner 
were quite close to the actual values obtained in the lab. 
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Table 6.1 - The comparison of actual modulus of elasticity with calculated values 
Concrete 
KSTe 
KSCV 
Age 
28d 
91d 
28d 
91d 
Actual 
value 
(GPa) 
29 
30.5 
33.5 
35.5 
MJc 7 V2300 
CSAA23.3 (2004b) (GPa) 
23.9 
24.7 
26.9 
27.7 
Ec=9x(fyn 
(Gardner and Zhao, 1991) (GPa) 
28.9 
29.7 
31.9 
32.7 
6.2.3 Durability properties 
The service span of a structure exposed to the environment is related to the permeability of 
the concrete cover which protects the reinforcement. To determine the progression of 
permeability of the concrete, the rapid chloride permeability test (RCPT) (ASTM C 1202) 
was conducted at 28 days and 91 days with lab-cured specimens. At 190 days, the core 
samples of the two mixtures were tested as well. The results are shown in Figure 6.5. It is 
observed that the permeability of chloride decreased with the use of WSA and by increasing 
the curing period. According to the recommended criterion (ASTM C 1202), WSA concrete 
(cured in the lab) showed a moderate level (it almost reached the "low" level) at 91 days. 
However, the control displayed relatively high permeability at both 28 and 91 days. Although 
the core samples were tested at 190 days, the permeability was higher than that of the 
lab-cured samples which tested even at 28 days. Once again, the inadequate consolidation of 
in-situ slabs caused unsatisfactory permeability of the core samples. 
It is understood that those slabs would be exposed to the severe conditions of freezing and 
thawing as well as to deterioration caused by de-icing chemicals. 
It was essential to estimate the air void system in hard concrete due to the important effect of 
air bubbles in protecting concrete against damage caused by freezing and thawing. The test 
was conducted according to ASTM C 457-90, and the summarized results for the two 
mixtures are shown in Table 6.8. It.was shown that adequate air volume was observed in both 
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the control and the WSA mixtures (more than 5%). Also, the spacing factor of both concretes 
was less than 230 jam, which indicated that there was sufficient distance between the air 
bubbles to permit the release of hydraulic pressures generated by freezing and thawing. The 
specific surface area of two mixtures indicated that an air bubble system with proper size was 
fixed in the matrixes. Furthermore, the durability coefficient according to specification 
ASTM C 666 was measured at 28 days and 91 days. The coefficients at the two test ages 
surpassed the limit of 60% set by ASTM C 666, which showed that the two mixtures resisted 
freezing and thawing. 
Resistance to de-icing salt scaling was measured in conformance with BNQ 2126-900. The 
cumulated scaling residues at the end of 56 days are shown in Table 6.8. Although the 
durability coefficient of the WSA concrete was higher than that of the control, the KS Te had 
much less scaling residue than that of the KS CV, which revealed the former had better 
resistance to de-icing salt scaling. Generally, the scaling resistance depended mainly on the 
placing, finishing and curing. It should be mentioned that the insufficient consolidation of 
in-situ concrete as well as the limited working time may have caused the unsatisfactory 
finishing of the specimens. Consequently, the entrained air on the surface of slabs may have 
been reduced, which made the surface vulnerable to scaling. Figure 6.6 shows the 
accumulated residues of two mixtures with increasing freezing and thawing cycles. At two 
different test ages, the cumulate scale residues of the KS Te were less than 500 g/m2 which 
was specified by the BNQ standard. Comparatively, the cumulated scaled residues of the KS 
CV exceeded this reference. However, with increased curing time, the cumulated scale 
residues of the WSA concrete decreased and.the cumulated residues at the end of 56 cycles 
was 730 g/m2 for the specimens tested after 91 days. 
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KSTe KSCV 
Figure 6. 5 - RCP of in-situ concrete specimens (lab curing vs. coring samples) 
Table 6. 8 - Air-void system, frost durability and de-icing salt scaling of in-situ concrete 
Mixtures 
Hardened air volume, (%) 
Specific surface, CC , (mm"1) 
Spacing factor, L , (um) 
Durability coefficient, (%) 
Scaling residue, (g/m) 
14d 
91d 
28d 
9 Id 
KSTe KSCV 
Air-void system 
9.5 
22.1 
152 
6.5 
20.1 
226 
Frost durability and de-icing salt scaling 
104 
96 
185 
74 
106 
100 
853 
731 
The slabs cast on the grounds of Kruger Inc. were designed to resist severe surface abrasion. 
Generally, abrasion resistance is closely related to the compressive strength of concrete. It is 
influenced by w/b and the curing period. Also, the type of aggregate and surface finishing or 
treatment used also have a strong effect on abrasion resistance (Kosmatka et al., 2002). 
Abrasion of in-situ concrete specimens was conducted by rotating steel balls over the surface 
(ASTM C 779 (2000a)). A load was applied to a rotating head which was separated from the 
specimen by steel balls. Meanwhile, running water was used in order to remove the eroded 
material. The results were taken by measuring the depth of wear made by five steel balls 
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rotating for up to 20 minutes or when wear reached 3 mm, whichever happened first. 
Moreover, CSA A23.1 (2005a) required that concrete exposed to sever abrasion or scouring 
have a minimum compressive strength of 35 MPa at 28 days. Figure 6.7 shows the variation 
of abrasion resistance for the KS Te and the KS CV specimens measured after 28 and 91 days 
curing. With the concrete that had been cured longer, the depth of wear on the steel balls 
slightly increased for both mixtures. The WSA concrete revealed better abrasion resistance 
than the control. 
14 21 28 35 42 
Number of freeze-thaw cycles 
49 56 63 
Figure 6. 6 - The cumulated scaling residues of in-situ concrete (28 & 91 days) 
8 12 
Time (minutes) 
16 20 
•KSTe-91d 
KSCV-91d 
-6—KSTe-28d 
-*—KSCV-28d 
Figure 6. 7 - Abrasion resistance of control and WSA in-situ concrete 
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7 CONCLUSIONS AND RECOMMENDATIONS 
7.1 Overall Conclusions 
This study aimed to improve the knowledge of the characteristics of a new alternative 
by-product (WSA) and its effect on the properties of cement based materials. It can be 
concluded that it is possible to utilize WSA as the mineral admixture. The following 
conclusions are drawn from the work detailed in this thesis: 
a) There are several aspects regarding the characteristics of WSA: 
• This type of fly ash does not strictly conform to ASTM C 618 requirements for volcanic 
ash or coal fly ash. Many of the WSA properties, however, are very consistent with 
pozzolanic material. It is rich in both calcium and silica-aluminum phase. From the XRD 
analysis point of view, quicklime, gypsum and quartz as the main mineralogy phase are 
contained in WSA; 
• The specific surface Blaine of WSA is as high as 844 m2/kg (the batch of 2007), which is 
higher than common fly ash (250~600 m2/kg). It should be noted that the higher fineness 
will dramatically influence the kinetic of hydration reaction and increase the water 
demand; 
• WSA has relatively higher carbon content (indicated as LOI), thus leading to absorbing 
and requiring more AEA in the concrete phase. 
b) With respect to the utilization of WSA in pastes or mortars, several points may be 
summarized: 
• The hydration degree was accelerated at an early stage when a higher WSA substitution 
was used. The absence of a lag period within the first 5 hours for a 40% WSA paste may 
be attributed to the primary CaO phase and the great fineness of WSA. Hence, the setting 
time decreased rapidly as well; 
• WSA has a significant effect on the normal consistency and the water demand. The 
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normal consistency was from 27% to 34% for the control and.40% WSA, respectively. 
Moreover, the water requirement of 20% WSA mortar was as high as 108%, which 
exceeded the maximum acceptance of 105% suggested by the standard; 
• Regarding the flow of mini-slump: a more rapid loss of fluidity was noticed when the 
WSA content was increased. Thus, a water reducing agent or superplasticizer was 
required. Furthermore, in view of the marsh cone test, the superplastisizer Plastol 5000 
based on PCP showed better compatibility than that of Disal based on PNS; 
• The results obtained from the strength activity index indicated that it is possible to 
produce an effective binder by partially replacing PC by WSA. The optimum replacing 
ratio is suggested to be 20%. For instance, the SAI of 20% WSA mortar surpassed 90% 
at the 1st day and attained 104% at the end of 56 days. It is however viable to replace up 
to 40% with WSA and still obtain strength in excess of the control after a long time 
curing. However, at this replacement level, the early-age strengths are slightly decreased; 
• The mortars combining Disal weakened the compressive strength with time and revealed 
unlikely results of non-superplasticizer mortars. However, mortar cubes applying Plastol 
presented satisfactory strength development; 
• The reason that the compressive strengths were dramatically improved for ternary mortar 
is because the strength development was mainly contributed by the silica fume. 
c) Several conclusions can also be drawn within the WSA concrete system: 
> Conclusions were drawn from the optimization work: 
• Among several combinations of chemical additives, Plastol with AireX-L was 
considered as the optimal selection in this case; 
• When w/b applied as 0.40, 40% displayed interesting strength development 
especially over a long time. However, the higher fineness of WSA caused notable 
higher water demand and a rapid loss of workability. Comparably, 20% attained the 
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highest strength among all mixtures and exposed better behaviours in fresh concrete. 
Thus, 20% was seen as the optimum ratio under the w/b of 0.40; 
• The concrete which used the sodium-based superplasticizer diminished the 
compressive strength behaviour; 
• When the w/b rose to 0.55, owing to the fine particles, WSA concrete still needed the 
dispersing agent even at this relatively higher w/b. Besides, 40% was recommended 
as the optimum substitution ratio considering its superior strength development with 
time. 
> The briefly summarized details for comprehensive survey of concrete: 
• Both of the dosage of additives and the content of the WSA are essential factors 
which affected the setting time. However, what is satisfying is that the WSA seems 
to slightly reduce the early heat due to hydration; 
• For the group of HPC (w/b = 0.40), with the exception of the ternary blending with 
metakaolin, the binary concrete involving 20% WSA presented superior compressive 
strength, even exceeding the ternary with silica fume at one year. In the case of OC 
(w/b = 0.55), the higher replacement level of 40% revealed the best strength 
behaviour and sustained rate of gaining resistance faster. The flexural strength, 
tensile splitting strength as well as modulus of elasticity showed the comparable 
results corresponding with that of compressive strength for two groups applying 
different w/b ratios; 
• The visco-elastic properties are influenced by the w/b, content of WSA, type of 
binder, etc. It should be noted that a notable expansion within 18 days of the 40% 
WSA concrete was observed with respect to autogenous shrinkage, thus leading to a 
significant reduction of shrinkage, further avoiding the possibility of cracking; 
• The permeability of WSA concretes diminished with increasing time. Specifically, 
even when a higher w/b (0.55) was used, the level of "low permeability" was 
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observed after one year's curing of the 40% WSA mixture; 
• The WSA concrete revealed excellent resistance to freezing and thawing (the 
durability factor of all mixtures were in excess of 60%); 
• HPC series displayed better resistance to de-icing scaling than the series of OC; 
• Although the expansion of mortar bars due to ASR exceeded the reference value, the 
expansion reduced with increasing WSA content. The test to determine the potential 
deterioration of concrete prisms due to ASR is still in progress, till 78 week's 
measurement. The binary concrete blending 40% WSA revealed similar expansion as 
the ternary mixture with silica fume. The values were inferior to the criterion at 
2-year of 0.04%; 
• The WSA seems less effective in controlling the expansion due to sulphate attack. 
Owing to the higher CaO and reactive glass phase involved in WSA, it is observed 
till the 8 month, the WSA mortar bars started to disintegrate due to that 
unfavourable sulphate deterioration. 
7.2 Recommendations for Future Research 
This thesis has shown the potential utilization of WSA as cementitious material. However, it 
is desirable to continuously understand the performance of WSA in developing this new 
alternative SCM in marketing. The following recommendations can be proposed for future 
research: 
• An attempt should be made to establish the acceptable limitations of chemical 
compositions as well as physical properties for controlling the quality of resultant ash in 
paper manufactory from co-firing of wastepaper sludge with barks, residues etc.; 
• Additional research is needed to thoroughly investigate the compatibility of cementing 
composites involving WSA and several off-the-shelf chemical additives; 
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• On the topic of the self-hydratable property of WSA, those who are interested further 
may concentrate in developing the binder without Portland cement or continuously 
exploring the ternary even quaternary binder system, thus more complex situations will 
be anticipated in subsequent work. 
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APPENDIX 
The designed concrete mixtures used in the optimization phase 
Table A. 1 - The compositions of concrete mixtures related to Table 5.11 
Group 
Code 
Cement (GU) 
WSA 
Class F fly ash 
Water 
Sand 
Aggregate 
(20mm) 
Composition (kg/m3) 
Plastol + AireX-L 
Control 
399 
0 
0 
160 
664 
1067 
FFA20 
314 
0 
79 
157 
597 
1050 
WSA20 
312 
78 
0 
156 
609 
1042 
WSA30 
274 
118 
0 
157 
593 
1048 
WSA40 
236 
158 
0 
158 
621 
1054 
Disal + Micro air 
Control 
396 
0 
0 
158 
667 
1058 
FFA20 
320 
0 
80 
160 
695 
1071 
WSA20 
319 
80 
0 
159 
623 
1066 
WSA30 
275 
118 
0 
157 
627 
1053 
Table A. 2 - The compositions of concrete mixtures related to Table 5.12 
Code 
Cement (GU) 
WSA 
Water 
Sand 
Aggregate (20mm) 
Composition (kg/m3) 
P.A 
312 
78 
156 
609 
1042 
P.M 
320 
80 
160 
671 
1069 
D.M 
319 
80 
159 
623 
1066 
D.A 
317 
79 
159 
764 
1060 
DaS.M 
319 
80 
160 
643 
1068 
DaC.M 
317 
79 
159 
594 
1061 
E.M 
321 
80 
161 
668 
1073 
Table A. 3 - The compositions of concrete mixtures related to Table 5.13 
Code 
Cement (GU) 
WSA 
Class F fly ash 
Water 
Sand 
Aggregate (20mm) 
Composition (kg/m3) 
Control 
399 
0 
0 
160 
664 
1067 
FFA20 
314 
0 
79 
157 
597 
1050 
WSA20 
312 
78 
0 
156 
609 
1042 
NA. 
Control 
401 
0 
0 
160 
821 
1072 
NA. 
FFA20 
319 
0 
80 
160 
822 
1067 
NA. 
WSA20 
318 
79 
0 
159 
818 
1062 
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Table A. 4 - The compositions of concrete mixtures related to Table 5.14 
Code 
Cement (GU) 
WSA 
Class F fly ash 
Water 
Sand 
Aggregate (20mm) 
Composition (kg/m3) 
Control 
396 
0 
0 
158 
667 
1058 
FFA20 
320 
0 
80 
160 
695 
1071 
WSA20 
319 
80 
0 
159 
623 
1066 
WSA30 
275 
118 
0 
157 
627 
1053 
NA. 
Control 
398 
0 
0 
159 
819 
1066 
NA. 
FFA20 
320 
0 
80 
160 
813 
1070 
NA. 
WSA20 
320 
80 
0 
160 
829 
1069 
NA. 
WSA30 
278 
119 
0 
159 
809 
1063 
Table A. 5 - The compositions of concrete mixtures related to Table 5.15 
Code 
Cement (GU) 
WSA 
Water 
Sand 
Aggregate (20mm) 
Composition (kg/m3) 
Control 
349 
0 
192 
673 
1067 
Without dispersing agent 
WSA20 
280 
70 
192 
611 
1069 
WSA30 
243 
104 
191 
622 
1060 
WSA40 
208 
139 
191 
552 
1060 
With dispersing agent 
P.WSA20 
281 
70 
.193 
570 
1073 
P.WSA30 
243 
104 
191 
583 
1062 
P.WSA40 
207 
138 
190 
563 
1056 
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